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FOREWORD 

The work d e s c r i b e d  i n  t h i s  r e p o r t  was performed by Mechanical  Technology I n c o r -  

p o r a t e d  under NASA C o n t r a c t  NASw-1705. The o v e r a l l  o b j e c t i v e  of t h i s  c o n t r a c t  

was t o  deve lop  a comprehensive dynamical  t h e o r y  of f o r c e d - c o n v e c t i o n  b o i l i n g  i n  

l i q u i d  m e t a l s .  T h i s  r e p o r t  c o v e r s  t h e  f i r s t  a s p e c t  of t h i s  s t u d y ;  namely, t h e  

e v a l u a t i o n  and f o r m u l a t i o n  of  c r i t e r i a  f o r  p r e d i c t i n g  c o n d i t i o n s  f o r  i n c i p i e n t  

n u c l e a t i o n  i n  l i q u i d  m e t a l s  and a l s o  i n  o r d i n a r y  f l u i d s .  

The work was done under t h e  t e c h n i c a l  management of M r .  S .  V. Manson, NASA 

Headquar t e r s ,  Nuc lea r  Power Systems. 
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The a u t h o r s  would l i k e  t o  acknowledge g r a t e f u l l y  t h e  c o n t r i b u t i o n s  t o  t h i s  r e p o r t  

made by D r .  John Chen of Brookhaven N a t i o n a l  L a b o r a t o r y  who was r e t a i n e d  a s  con- 

s u l t a n t  on t h i s  p r o j e c t .  D r .  Chen d e s e r v e s  major c r e d i t  f o r  t h e  s u r v e y  of e x p e r i -  

mental  i n v e s t i g a t i o n s  of b o i l i n g  s u p e r h e a t  f o r  a l k a l i  l i q u i d  m e t a l s .  

The a u t h o r s  would a l s o  l i k e  t o  e x p r e s s  t h e i r  deep a p p r e c i a t i o n  t o  M r .  S.V. Manson 

of  NASA h e a d q u a r t e r s ,  Nuc lea r  Power Systems, f o r  h i s  c l o s e  p e r s o n a l  a t t e n t i o n  t o  

t h e  conduct  of  t h i s  s t u d y  of l i q u i d  m e t a l  b o i l i n g  sys t ems .  I n  p a r t i c u l a r ,  t h e  

a u t h o r s  a r e  e s p e c i a l l y  g r a t e f u l  t o  M r .  Manson f o r  t h e  many v a l u a b l e  s u g g e s t i o n s  

made by  him c o n c e r n i n g  b o t h  t h e  t e c h n i c a l  c o n t e n t  and o r g a n i z a t i o n  of t h i s  p r e s -  

e n t  r e p o r t .  

The work p r e s e n t e d  i n  t h i s  r e p o r t  was s u p p o r t e d  by NASA under  C o n t r a c t  NASw-1705. 
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INTRODUCTION 

The combinat ion of e x c e l l e n t  t h e r m a l  c o n d u c t i v i t y ,  h i g h  v a p o r i z a t i o n  t empera tu re  

and moderate vapor  p r e s s u r e  posses sed  by a l k a l i  m e t a l s  makes them v e r y  a t t r a c t i v e  

f o r  u se  a s  working f l u i d s  f o r  Rankine c y c l e  space  power sys t ems .  Consequent ly ,  

c o n s i d e r a b l e  e f f o r t  h a s  been devoted r e c e n t l y  toward development of  once-through 

a l k a l i  m e t a l  b o i l e r s  i n  which t h e  l i q u i d  m e t a l  e n t e r s  subcoo led ,  i s  vapor i zed  and 

d e p a r t s  a s  s a t u r a t e d  o r  s u p e r h e a t e d  Vapor, Much of t h e  work t o  d a t e  h a s  concen- 

t r a t e d  on b o i l e r s  f o r  p o t a s s i u m  and sodium, and c o n s i d e r a b l e  a t t e n t i o n  has  been 

p a i d  t o  t h e  problem of  a c h i e v i n g  s t a b i l i t y  of o p e r a t i o n  of such  b o i l e r s .  

A number o f  t r a d i t i o n a l  i n s t a b i l i t y  mechanisms f o r  b o i l i n g  f low have been recog-  

n i z e d  f o r  some t ime ,  e . g .  "Ledinegg Excur s ions"  and l i q u i d  m e t a l  b o i l e r s  a r e  sub- 

j e c t  t o  t h e s e  i n s t a b i l i t i e s  a s  we l l  a s  a r e  w a t e r  b o i l e r s .  The problem of t h e  

s t a b i l i t y  of  l i q u i d  m e t a l  b o i l e r s ,  however, i s  f u r t h e r  compl i ca t ed  by t h e  f a c t  

t h a t  l i q u i d  m e t a l s  can  e x h i b i t  v e r y  l a r g e  d e g r e e s  of s u p e r h e a t i n g  b e f o r e  incep -  

t i o n  o f  b o i l i n g .  T h i s  makes dynamic a n a l y s i s  of b o i l i n g  l i q u i d  m e t a l  f low q u i t e  

d i f f i c u l t  because  one c a n  no longe r  assume t h a t  t h e  f low i s  i n  thermodynamic 

e q u i l i b r i u m .  Moreover, t h e  s u p e r h e a t i n g  of l i q u i d  m e t a l s  appea r  t o  g i v e  r i s e  t o  

a unique type  of  f low i n s t , a b i l i t y  a s s o c i a t e d  w i t h  d r a s t i c  f low regime changes i n  

t h e  b o i l i n g  c h a n n e l .  T h i s  i n s t a b i l i t y  i s  of t h e  f o l l o w i n g  n a t u r e .  

When power i n p u t  t o  t h e  h e a t e d  l e n g t h  of  a l i q u i d  m e t a l  b o i l e r  i s  s t e a d i l y  i n -  

c r e a s e d  from z e r o ,  a p o i n t  i s  r eached  when t h e  f low t e m p e r a t u r e  a t  t h e  e x i t  of  

t h e  hea ted  l e n g t h  r e a c h e s  s a t u r a t i o n  t e m p e r a t u r e .  Due t o  t h e  tendency of l i q u i d  

m e t a l s  t o  s u p e r h e a t  i n  t h e  l i q u i d  phase ,  f u r t h e r  i n c r e a s e  i n  power o f t e n  d o e s  

n o t  r e s u l t  i n  i n c e p t i o n  of b o i l i n g ,  b u t  r a t h e r  l e a d s  t o  t h e  c o n d i t i o n  t h a t  supe r -  

hea t ed  f low e x i t s  f rom t h e  hea ted  l e n g t h .  A s .  power i s  f u r t h e r  i n c r e a s e d ,  however, 

a p o i n t  i s  r eached  where t h e  d e g r e e  of s u p e r h e a t ,  mS3 a t  t h e  e x i t  i s  s u f f i c i e n t l y  

l a r g e  such t h a t  n u c l e a t i o n  of  vapor  bubb les  w i l l  o c c u r  and b o i l i n g  w i l l  commence. 

The b o i l i n g  w i l l  t h e n  t end  t o  p r o p a g a t e  ups t r eam i n t o  supe rhea ted  l i q u i d ,  c a u s i n g  

a sudden change of flow regimes and r e s u l t i n g  i n  u n d e s i r a b l e  r a p i d  t e m p e r a t u r e  

f l u c t u a t i o n s  i n  t h e  b o i l i n g  c h a n n e l .  The vapor  l i q u i d  i n t e r f a c e  t h e n  can  ( a )  

r e a c h  a s t a b l e  p o s i t i o n ,  (b) o s c i l l a t e  w i t h i n  a f i n i t e  zone, o r  (c) be swept back 
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o u t  of t h e  b o i l d e r  t o  r e e n t e r  l a t e r  a s  s u p e r h e a t i n g  a g a i n  accumula t e s .  The l a t t e r  

two modes a r e ,  of c o u r s e ,  deemed u n s t a b l e  and a r e  t o  be  avoided i f  p o s s i b l e .  Which 

mode o c c u r s  i s  governed by t h e  the rmo-hydrau l i c  c h a r a c t e r i s t i c s  of  t h e  b o i l e r  and 

i t s  a s s o c i a t e d  f low l o o p .  

Because of t h e  t e c h n o l o g i c a l  importance of l i q u i d  m e t a l  b o i l e r s  an a n a l y t i c a l  

program was unde r t aken  a t  M.T.I. under NASA c o n t r a c t  Number NASw-1705 d i r e c t e d  

toward o b t a i n i n g  s o l u t i o n s  f o r  t h e  the rmo-hydrau l i c  l i q u i d  m e t a l  b o i l e r  s t a b i l i t y  

problem. The c r u x  of  t h i s  s t u d y  i s  t h e  problem of  t h e  n o n - e q u i l i b r i u m  b e h a v i o r  

o f  l i q u i d  m e t a l  f l o w s .  T h e r e f o r e  t h e  f i r s t  phase of t h i s  program i s  concerned 

w i t h  d e v e l o p i n g  dynamic models f o r  p r e d i c t i n g  t h e  n e t  r a t e  of vapor  fo rma t ion  

i n  v a r i o u s  two phase f low regimes i n  n o n - e q u i l i b r i u m  b o i l i n g  f l o w s .  

T h i s  p r e s e n t  r e p o r t  i s  concerned w i t h  t h e  f i r s t  a s p e c t  of o u r  s t u d y ,  namely t h a t  

of  e s t a b l i s h i n g  c r i t e r i a  f o r  p r e d i c t i n g  t h e  i n c i p i e n t  n u c l e a t i o n  f o r  a l l  l i q u i d s ,  

w i t h  s p e c i a l  emphasis on a l k a l i  m e t a l s .  The r e p o r t  c o n s i s t s  of a c r i t i c a l  e v a l u -  

a t i o n  of  b o t h  p r e s e n t l y  a v a i l a b l e  e x p e r i m e n t a l  work i n  t h e  f i e l d  and e x i s t i n g  

t h e o r e t i c a l  models f o r  p r e d i c t i n g  i n c i p i e n t  n u c l e a t i o n .  

S i n c e  t h e  s t u d y  of  l i q u i d - m e t a l  b o i l i n g  phenomena i s  i n  a r a p i d l y  d e v e l o p i n g  s t a t e ,  

many a s p e c t s  of t h e  i n c i p i e n t  n u c l e a t i o n  of such  f l u i d s  have n o t  been s a t i s f a c t o r -  

i l y  r e s o l v e d .  Thus, t h i s  r e p o r t  r e f l e c t s  t h e  c u r r e n t  s t a t e  of t h e  a r t  w i t h  r e g a r d  

t o  t h e  u n d e r s t a n d i n g  and p r e d i c t i o n  of i n c i p i e n t  n u c l e a t i o n  and d o e s  n o t  p r e t e n d  

t o  p r o v i d e  f i n a l  answers t o  a l l  q u e s t i o n s  c o n c e r n i n g  t h i s  phenomenon. N o n t h e l e s s ,  

i t  i s  b e l i e v e d  t h a t  enough i n f o r m a t i o n  h a s  now been o b t a i n e d  on n u c l e a t i o n  t h a t  

a n  e n g i n e e r  c a n  make an approximate e s t i m a t i o n  of t h e  amount of s u p e r h e a t  r e q u i r e d  

f o r  n u c l e a t i o n  g iven  d a t a  abou t  t h e  p a s t  t e m p e r a t u r e  h i s t o r y  of t h e  b o i l e r  i n  ques-  

t i o n .  Moreover, t h e  p a r a m e t r i c  e f f e c t  of most sys t em v a r i a b l e s  on s u p e r h e a t  i s  

now a t  l e a s t  q u a l i t a t i v e l y  understood 
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GENERAL DISCUSSION OF PROELEM - 

It is well to begin by defining explicitly what is meant by the superheat required 

for incipient nucleation. Given a liquid at pressure P tRere will be a correspond- 

ing saturation temperature T To initiate boiling in this liquid, it is necessary 

to heat the liquid locally to a temperature T 
S 

e The discrepency between inc ' 's 
and Ts3 denoted as AT 9 - Ts, is the superheat required for incipient Tint iTlC 

nuc le at i on. 

It is recognized that nucleation of vapor bubbles requires the existence of some 

vapor or gas-filled void of f-inite size in contact with the liquid to be vaporized. 

This is so because to initiate a vapor bubble of vanishingly small initial radius 

would require an infinitely large vapor pressure to overcome the surface tension 

forces. 

tension is given by 

The pressure P inside a spherical bubble required to balance surface b 

20 P = P + -  b r 

where e is the surface tension of the liquid and r is the radius of  the bubble. 

The pressure P,, inside the bubble can be comprised of the partial pressure of 

non-condensible gas, which we shall denote as P and partial pressure of the 

vapor P i.e. 
g 

V 

Pb = P + Pv 
g 

combining Equation (1) and (2) we obtain 

2cr = P - P  + -  
pV g r (3)  

The Clausius-Clapeyron equation gives the following relationship between the 

saturation vapor pressure and liquid temperature 

dPS h 
dTS T(vv - Val - =  
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where X i s  t h e  l a ten t  h e a t  of v a p o r i z a t i o n  a t  t e m p e r a t u r e  T ,  v i s  t h e  s a t u r a t e d  

vapor  s p e c i f i c  volume, and v i s  t h e  s a t u r a t e d  l i q u i d  s p e c i f i c  volume a t  temper- 

a t u r e  T. remains  approx ima te ly  c o n s t a n t  w i t h  modera te  vari-  

a t i o n s  i n  t e m p e r a t u r e ,  w e  c a n  w r i t e  f o r  t h e  s a t u r a t i o n  vapor  p r e s s u r e  eo r re spond-  

i n g  t o  T 

V 

R 
Noting t h a t  dP /dT 

s s  

i n c  

o r  

From Eq. ( 3 ) ,  t h e  e x c e s s  vapor  p r e s s u r e  r e q u i r e d  t o  b a l a n c e  t h e  s u r f a c e  t e n s i o n  

of a bubble  i s  

2 0  - p = - - p  
'inc r g 

From (6) and (7)  w e  o b t a i n  

(vv - VR) Ts 20 
A - T  = (y- - Pg> i n c  s ATinc = T 

(7) 

_ - p _ - _ - s _ - _ - - - - - - - _ s o _ _ _ _ _  . 
Jc 

An improved formula  would be  o b t a i n e d  by s u b s t i t u t i n g  1/2(Tinc + T ) i n s t e a d  
of T 
woul8 become 

f o r  T i n  t h e  r i g h t - h a n d  s i d e  of Eq. ( 4 ) .  Then t h e  formula  f g r  s u p e r h e a t  

L A  

The improved accuracy  would be q u i t e  s i g n i f i c a n t  as (T. 
O f l ] . .  
commonly a c c e p t  e d e 

- T ) / T s  approaches  nc S However, i n  c u r r e n t  l i t e r a t u r e ,  t h e  less a c c u r a t e  fo rmula ,  Eq. (6)  i s  
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which i s  t h e  e x p r e s s i o n  g i v i n g  t h e  s u p e r h e a t  n e c e s s a r y  t o  i n i t i a t e  bubble  growth.  

I n  u s i n g  t h i s  e q u a t i o n  a s  a c r i t e r i o n  f o r  i n c i p i e n t  n u c l e a t i o n ,  i t  i s  c o n s e r v a t i v e  

t o  n e g l e c t  t h e  e f f e c t  of  non-condensible  g a s .  Our c r i t e r i o n  f o r  t h e  s u p e r h e a t  re -  

q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n  t h e n  becomes t h e  w e l l  known e x p r e s s i o n  

Equa t ion  (9) i s  a fundamental  c o n d i t i o n  which m u s t  be s a t i s f i e d  o r  exceeded l o c a l l y  

a t  some i n s t a n t  o r  a t  some p o i n t  i n  t h e  l i q u i d  i f  a vapor  bubble  i s  t o  b e g i n  growing 

from t h e  n u c l e a t i o n  r a d i u s  r e  T h i s  i s  t rue  f o r  a l l  t y p e s  of b o i l i n g  s i t u a t i o n s  i . e .  

f o r  p o o l  b o i l i n g  a s  we l l  a s  f o r c e d  c o n v e c t i o n  b o i l i n g ,  and t o  a l l  f l u i d s .  However, 

f o r  f l u i d s  such  a s  w a t e r  i n  which t h e  t e m p e r a t u r e  g r a d i e n t s  n e a r  h e a t e d  s u r f a c e s  

may become q u i t e  s t e e p ,  i t  i s  d i f f i c u l t  t o  know a t  which p o i n t  n e a r  t h e  hea ted  sus- 

f a c e  Eq. (9) shou ld  be a p p l i e d .  T h i s  l e a d s  t o  an a p p a r e n t  r e l a t i o n s h i p  between 

w a l l  s u p e r h e a t  r e q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n  and h e a t  f l u x .  I n  a d d i t i o n ,  p s e s -  

s u r e  f l u c t u a t i o n s  a s s o c i a t e d  w i t h  t u r b u l e n t  f low may make i t  d i f f i c u l t  t o  d e t e r m i n e  

t h e  a p p r o p r i a t e  p r e s s u r e  a t  which t o  e v a l u a t e  CYCinc, t h u s  l e a d i n g  t o  t h e  a p p a r e n t  

e f f e c t  of f low r a t e  on i n c i p i e n t  s u p e r h e a t  i n  l i q u i d  m e t a l s  d i s c u s s e d  i n  t h e  n e x t  

s e c t i o n .  I n  s h o r t ,  t h e n ,  t o  a p p l y  Eq. (9)  t o  p r e d i c t  t h e  s u p e r h e a t  n e c e s s a r y  t o  

i n i t i a t e  b o i l i n g  r e q u i r e s  knowledge of t h e  f o l l o w i n g  v a r i a b l e s .  

1. F i r s t ,  one must d e t e r m i n e  t h e  maximum r a d i u s  r of c a v i t y  a v a i l a b l e  a s  a 
C 

n u c l e a t i o n  s i t e  e 

2 .  Secondly,  one must know t h e  t empora l  and s p a t i a l  v a r i a t i o n  of l i q u i d  t e m -  

p e r a t u r e  and l i q u i d  p r e s s u r e  i n  t h e  v i c i n i t y  o f  t h e  n u c l e a t i o n  c a v i t y .  

I n  t h e  c a s e  of  l i q u i d  m e t a l s ,  because of  t h e i r  e x c e l l e n t  t he rma l  c o n d u c t i v i t y ,  t h e  

l i q u i d  t e m p e r a t u r e  i n  t h e  v i c i n i t y  of a h e a t e d  s u r f a c e  does n o t  v a r y  s i g n i f i c a n t l y  

f rom t h e  w a l l  t e m p e r a t u r e  o v e r  a d i s t a n c e  on t h e  o r d e r  of t h e  s i z e  of  n u c l e a t i o n  

b u b b l e s .  Hence, t h e  most i m p o r t a n t  v a r i a b l e  gove rn ing  t h e  s u p e r h e a t  r e q u i r e d  f o r  

i n c i p i e n t  n u c l e a t i o n  i s  t h e  s i z e  of c a v i t y  a v a i l a b l e  f o r  n u c l e a t i o n .  I n  a l a t e r  
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s e c t i o n  t h e r e  w i l l  be  d e s c r i b e d  v a r i o u s  a n a l y t i c a l  models f o r  p r e d i c t i n g  i n c i p i e n t  

b o i l i n g  s u p e r h e a t  i n  l i q u i d  m e t a l s  which a l l  s e e k  t o  e s t a b l i s h  t h e  maximum nuc le -  

a t i o n  c a v i t y  size a s  a f u n c t i o n  of t h e  p r e s s u r e - t e m p e r a t u r e  h i s t o r y  of t h e  nuc le -  

a t i n g  s u r f a c e .  

I n  t h e  c a s e  of  normal f l u i d s ,  such a s  w a t e r ,  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  l i q u i d  

can  be q u i t e  s t e e p  i n  t h e  v i c i n i t y  of t h e  h e a t e d  s u r f a c e .  It i s  t h e n  p o s s i b l e  

t h a t  a l t h o u g h  t h e  w a l l  t e m p e r a t u r e  i s  h o t  enough t o  s a t i s f y  Eq.. ( 9 ) ,  vapor bubble  

growth may n o t  occur  due t o  t h e  f a c t  t h a t  one bubble  d i a m e t e r  away from t h e  h e a t -  

i n g  s u r f a c e ,  t h e  l i q u i d  t e m p e r a t u r e  may be  w e l l  below t h e  T r e q u i r e d  t o  s a t i s f y  

Eq. (9) a I n  view of t h i s ,  Hsu and Graham (Ref 1) have sugges t ed  a s  a c r i t e r i o n  

f o r  i n c i p i e n t  n u c l e a t i o n  i n  w a t e r  and s i m i l a r  f l u i d s  t h a t  a bubble  w i l l  grow from 

a n u c l e a t i o n  s i t e  i f  and o n l y  i f  t h e  t e m p e r a t u r e  a t  a d i s t a n c e  y from t h e  w a l l  

e q u a l  t o  t h e  bubb le  h e i g h t ,  i s  g r e a t e r  t h a n  t h e  T r e q u i r e d  by Eq. (9)  w i t h  

r = y .  T h i s  c r i t e r i o n  p resupposes  t h a t  c a v i t i e s  of a s i z e  n e c e s s a r y  f o r  i n i t i a -  

t i o n  of  bubble  growth a r e  r e a d i l y  a v a i l a b l e ,  and i t  i s  t h e  t h i c k n e s s  of t h e  t h e r m a l  

l a y e r  which c o n t r o l s  t h e  i n c i p i e n t  n u c l e a t i o n  w a l l  s u p e r h e a t .  T h i s  s u p p o s i t i o n  

a p p e a r s  t o  be v a l i d  f o r  w a t e r ,  and i n  a l a t e r  s e c t i o n  t h e r e  w i l l  be d e s c r i b e d  vax- 

i o u s  a n a l y t i c a l  e x t e n s i o n s  and m o d i f i c a t i o n s  of  t h e  Hsu-Graham model f o r  p r e d i c t i n g  

i n c i p i e n t  n u c l e a t i o n  i n  w a t e r  and o t h e r  n o n - m e t a l l i c  f l u i d s .  

i n c  

i n c  

Although t h e  key e l emen t s  i n  t h e  mechanism of n u c l e a t i o n  may be q u a l i t a t i v e l y  

unde r s tood ,  t h e  s t a t e  of t h e  a r t  w i t h  r e s p e c t  t o  b e i n g  a b l e  t o  q u a n t i t a t i v e l y  

p r e d i c t  t h e  s u p e r h e a t  r e q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n  i s  s t i l l  i n  a f a i r l y  

rud imen ta ry  s t a t e .  T h i s  i s  p a r t i c u l a r l y  so  f o r  l i q u i d  m e t a l s ,  which e x h i b i t  

v e r y  l a r g e  d e g r e e s  of  s u p e r h e a t  and f o r  which t h e r e  e x i s t s ,  a t  p r e s e n t ,  r e l a -  

t i v e l y  l i t t l e  e x p e r i m e n t a l  d a t a .  I n  t h e  n e x t  s e c t i o n  i s  p r e s e n t e d  a c r i t i c a l  

s u r v e y  of  e x i s t i n g  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  b o i l i n g  s u p e r h e a t  f o r  a l k a l i  

l i q u i d  m e t a l s .  An a t t e m p t  i s  made t o  a s s e s s  t h e  i n f l u e n c e  of v a r i o u s  param- 

e t e r s  such  a s  h e a t  f l u x ,  f l o w  v e l o c i t y  e t c .  on s u p e r h e a t .  
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S U R W  OF EXPERIMENTAL INVESTIG~TIONS OF BOILING AND INCIPIENT NUCLEATION 

SUPERHEAT FOR ALKALI LIQUID METALS 

There i s  a s c a r c i t y  of e x p e r i m e n t a l  d a t a  on t h e  b o i l i n g  of a l k a l i  l i q u i d  m e t a l s .  

T h i s  i s  p a r t l y  due t o  t h e  f a c t  t h a t  i n t e r e s t  i n  b o i l i n g - m e t a l  systems ( e . g .  t h e  

SNAP and LMFB r e a c t o r )  has  r i s e n  o n l y  i n  r e c e n t  y e a r s ,  and p a r t l y  due t o  t h e  d i f -  

f i c u l t i e s  a s s o c i a t e d  w i t h  h i g h - t e m p e r a t u r e  expe r imen t s  i n v o l v i n g  l i q u i d  m e t a l s .  

It i s  t h e r e f o r e  n o t  s u r p r i s i n g  t h a t :  ( a >  t h e  number of r e p o r t e d  i n v e s t i g a t i o n s  

i s  s m a l l ,  (b) t h e s e  a r e  mos t ly  of  r e c e n t  o r i g i n  ( i . e .  w i t h i n  t h e  h a s t  6 y e a r s ) ,  

(c) many of  t h e  i n v e s t i g a t i o n s  a r e  of a p r e l i m i n a r y  s c o p i n g  n a t u r e  and o n l y  a 

few a r e  d e t a i l e d  pa rame te r  s t u d i e s ,  (d) t h e r e  i s  wide s c a t t e r  i n  t h e  r e p o r t e d  

r e s u l t s ,  and ( e )  t h e  g e n e r a l  c o n c e p t s  of t h e  fundamen ta l s  of  t h e  phenonrnena a r e  

i n  a s t a t e  of  f l u x ,  r e f l e c t i n g  r a p i d l y  i n c r e a s i n g  u n d e r s t a n d i n g  a s  a r e s u l t  of 

t h e  many i n v e s t i g a t i o n s  c u r r e n t l y  i n  p r o g r e s s .  

T h i s  s e c t i o n  o f  t h e  r e p o r t  p r e s e n t s  a c r i t i c a l  summary of  t h e  s t a t u s  of  e x p e r i -  

men ta l  work i n  t h e  f i e l d  of  b o i l i n g  l i q u i d  m e t a l s .  A t t e n t i o n  i s  l i m i t e d  t o  t h e  

b o i l i n g  i n c e p t i o n  s u p e r h e a t  problem, and o n l y  s t u d i e s  w i t h  t h e  a l k a l i  m e t a l s  

(K, Na, e t c . )  a r e  r ev iewed .  While complete  cove rage  of t h e  l i t e r a t u r e  i s  n o t  

i m p l i e d ,  t h i s  summary does  encompass t h e  major p e r t i n e n t  e x p e r i m e n t a l  i n v e s t i -  

g a t i o n s  r e p o r t e d  t o  d a t e .  One should n o t e ,  however, t h a t  i n  a r a p i d l y  develop-  

i n g  f i e l d  such a s  t h i s ,  a c r i t i c a l  summary can o n l y  r e p r e s e n t  t h e  c u r r e n t  s t a t e  

o f  t h e  a r t  and t h a t  p e r i o d i c  u p - d a t i n g s  w i l l  be r e q u i r e d  t o  r e f l e c t  new f i n d i n g s .  

Jr 

A .  Summaries of  Exper imen ta l  I n v e s t i g a t i o n s  

A t o t a l  of twenty-one r e p o r t e d  i n v e s t i g a t i o n s  were deemed t o  be p e r t i n e n t  and 

t h e s e  a r e  l i s t e d  i n  t h e  b i b l i o g r a p h y ,  R e f s .  2 t h rough  2 2 .  T a b l e  I gi’ves a con- 

c i s e  d e s c r i p t i o n  of e a c h  i n v e s t i g a t i o n  w i t h  r e g a r d  t o :  

1. t h e  t e s t  f l u i d ,  

2 .  t h e  e x p e r i m e n t a l  system, 

f~ d’Superheat’’ i s  h e r e  t a k e n  t o  be AT ’ = T - T s 9  where T i s  che w a l l  temper- 
i n c  w W 

a t u r e  on t h e  bubb le  n u c l e a t i n g  s u r f  a c e  ~ 



3 .  t h e  p r e s s u r e  r a n g e  o f  t h e  expe r imen t s ,  

4 a magnitudes o f  t h e  s u p e r h e a t s  measured 

5 e major v a r i . a b l e s  i n v e s t i g a t e d  and 

6 *  r e s u l t s  and r e l e v a n t  comments. 

It i s  wor thwhi l e  a t  t h i s  p o i n t  t o  d i f f e r e n t i a t e  between t h e  s u p e r h e a t  a s s o c i a t s d  

w i t h  i n i t i a l  bubb le  n u c l e a t i o n  ( I n c i p i e n t  b o i l i n g )  and t h e  s u p e r h e a t  a s s o c i a t e d  

w i t h  s t e a d y  b o i l i n g ,  

s a t u r a t i o n  t e m p e r a t u r e )  a t t a i n e d  by t h e  a u c k e a t i o n  s i t e  p r i o r  to bubble  i n c e p t i o n ,  

The l a t t e r  i s  a measure of  t h e  t ime-averaged t e m p e r a t u r e  of a h e a t i n g  s u r f a c e  

o v e r  a number of bubble  nucleat ion-grcwt.h-and-departure  c y c l e s .  The f i r s t ,  de-  

no ted  a s  " inc ip i en t .  & ", i s  g e n e r a l l y  g r e a t e r  t h a n  t h e  second,  deno ted  a s  i n c  
" b o i l i n g  s u p e r h e a t " .  Of t h e  twenty-one r e f e r e n c e s  reviewed h e r e ,  f o u r  g i v e  d a t a  

on b o i l i n g  s u p e r h e a t ,  twelve g i v e  d a t a  o n l y  on i n c i p i e n t  AI 

d a t a  on b o t h .  The p r e s e n t  i n t e r e s t  i s  p r i m a r i l y  i n  i n c i p i e n t  s u p e r h e a t ;  t h e r e -  

f o r e ,  t h o s e  s e v e n t e e n  r e p o r t s  w i t h  d a t a  on i n c i p i e n t  OT a r e  summarized below 

i n  s l i g h t l y  more d e t a i l ,  

The f i r s t  i s  a measure of t h e  maximum t e m p e r a t u r e  (above 

and f i v e  g i v e  i n c  ' 

i n c  

The e a r l i e s t  of  t h e s e  i n v e s t i g a t i o n s  was t h e  work of  Edwards and Hoffman (Ref s .  

2 ,  3 ) .  T h e i r  e x p e r i m e n t s ,  u s i n g  Na and K a s  t h e  t e s t  f l u i d s ,  were performed i n  

s m a l l ,  n a t u r a l  c o n v e c t i o n  loops  hav ing  a b o i l e r  i n  one v e r t i c a l  l e g  and a con- 

d e n s e r  i n  t h e  o t h e r  v e r t i c a l  Leg. O p e r a t i n g  w i t h  t h e  loop p a r t i a l l y  f i l l e d ,  

p u l s a t i o n  f low was o b t a i n e d  due zo p e r i o d i c  b u r s t s  of v a p o r i z a t i o n  i n  t h e  h e a t e d  

b o i l e r .  Cyc le  f r equency  was low, of t h e  o r d e r  of 1-2 c y c l e s  p e r  minu te .  It i s  

t h e r e f o r e  r e a s o n a b l e  t o  assume t h a t  i n c i p i e n t  n u c l e a t i o n  was r e q u i r e d  f o r  e a c h  

renewed b u r s t  of v a p o r i z a t i o n .  Temperature  a t  t h e  b o i l e r  showed c o r r e s p o n d i n g  

c y c l i n g ,  r e a d i n g  a maximum v a l a e  j u s t  p r i o r  t o  e a c h  b u r s t  of v a p o r i z a t i o n .  The 

a u t h o r s  c a l c u l a t e d  t h e i r  i n c i p i e n t  s u p e r h e a t ,  a s  t h e  d i f f e r e n c e  between 

t h i s  maximum b o i l e r  t e m p e r a t u r e  and t h e  s a t u r a t i o n  t e m p e r a t u r e  a t  t h e  condense r .  

These i n v e s t i g a t i o n s  were d i r e c t e d  s D l e l y  a t  t h e  e f f e c t s  of (a)  b o i l i n g  p r e s s u r e  

( o r  T ) and (b) s u r f a c e  roughness  ( i n c l u d i n g  a r t i f i c i a l  c a v i t i e s )  of  t h e  hea ted  

w a l l .  Some t y p i c a l  r e s u l t s  a r e  reproduced i n  F i g u r e  1. The p o i n t s  r e p r e s e n t  

i n c i p i e n t  AT measured f o r  K w i t h  a b o i l e r  s u r f a c e  which had d r i l l  h o l e s  of 

0.003 i n c h  r a d i u s .  The c u r v e s  represent_ t h e o r e t i c a l  s u p e r h e a t s  f o r  n u c l e a t i o n  

i n c  

S 

i n c  



-9 -  

w i t h  c r i t i c a l  r a d i u s ,  r c a l c u l a t e d  by t h e  b a s i c  Lap lace  e q u a t i o n  (sometimes 

r e f e r r e d  t o  a s  t h e  Gibb ' s  e q u a t i o n ) :  
C 

where 0 = s u r f a c e  t e n s i o n  of  t h e  l i q u i d .  It i s  s e e n  t h a t  t h e  measured s u p e r h e a t s  

a r e  g e n e r a l l y  h i g h e r  t h a n  p r e d i c t e d  f o b  r t a k e n  e q u a l  t o  t h e  d r i l l  ho le  r a d i u s .  
C 

Marto and Rohsenow (Ref .  6)  o b t a i n e d  d a t a  f o r  p o o l - b o i l i n g  of  Ma from hea ted  f l a t  

p l a t e s .  Helium cove r  g a s  was p r e s e n t  i n  t h e  vapor  s p a c e  above t h e  Na poo l  d u r i n g  

t h e  e x p e r i m e n t s .  R e s u l t s  a r e  p r e s e n t e d  i n  t h e  c l a s s i c a l  form of b o i l i n g  c u r v e s ,  

showing h e a t  f l u x  p l o t t e d  a g a i n s t  w a l l  s u p e r h e a t .  The a u t h o r s  n o t e  t h a t  'Ithe i n -  

c i p i e n c e ,  o r  o n s e t ,  o f  n u c l e a t e  b o i l i n g  [ i n  a t y p i c a l  r u n ]  d o e s  n o t  occur  u n t i l  a 

s u p e r h e a t  of 135'F i s  r eached  even though t h e  s t a b l e  n u c l e a t e  b o i l i n g  d a t a  have a 

s u p e r h e a t  of o n l y  33'F.'' 

t e s t e d :  (a)  m i r r o r  f i n i s h  p l a t e ,  (b) lapped f i n i s h  p l a t e ,  ( c )  m i r r o r  f i n i s h  p l a t e  

w i t h  a r t i f i c i a l  porous w e l d s ,  (d) s i n t e r e d  po rous  n i c k e l  p l a t e ,  and (e )  m i r r o r  f i n -  

i s h  p l a t e  w i t h  a r t i f i c i a l  r e - e n t r a n t  c a v i t i e s .  

r e p o r t e d  f o r  a m i r r o r  f i n i s h  p l a t e  and t h e  lowes t  i n c i p i e n t  &E f o r  a r e - e n t r a n t  

c a v i t y  p l a t e  

F i v e  d i f f e r e n t  s u r f a c e  f i n i s h e s  on t h e  b o i l i n g  p l a t e  were 

The h i g h e s t  i n c i p i e n t  ATinc was 

i n c  

I n  subsequen t  e x p e r i m e n t s ,  Shad and R O ~ S ~ ~ Q W  (Ref s .  10, 11) used t h e  same a p p a r a t u s  

and o b t a i n e d  a d d i t i o n a l  d a t a  f o r  Na i n  p o o l - b o i l i n g  s u r f a c e s  hav ing  a s i o g l e  aar- 

t i f i c i a l  c a v i t y .  T r a c e s  were o b t a i n e d  of t h e  f l u c t u a t i n g  t e m p e r a t u r e  i n  t h e  w a l l  

( n e a r  t h e  c a v i t y ) ,  i n  t h e  Na l i q u i d ,  and i n  t h e  vapor  s p a c e .  From t h i s ,  t h e  alnthors 

de t e rmined  bubb le  c y c l e  p e r i o d s  f o r  s t a b l e  n u c l e a t e  b o i l i n g .  The same temperatid-e 

i n s t r u m e n t a t i o n  a l s o  gave measurements of t h e  maximum s u p e r h e a t  r eached  by t h e  w a l l  

p r i o r  t o  t h e  change from n a t u r a l  c o n v e c t i o n  h e a t  t r a n s f e r  t o  n u c l e a t e  b o i l i n g .  T h i s  

c a n  be i n t e r p r e t e d  t o  g i v e  i n c i p i e n t  b o i l i n g  Iyr e T y p i c a l l y ,  t h e s e  i n c i p i e n t  

s u p e r h e a t s  were of t h e  o r d e r  of L O O O  t o  150°F. 
i n c  

Holtz  and S i n g e r  ( R e f s .  4 ,  5) measured i n c i p i e n t  b o i l i n g  supearheats f o r  Na contained.  
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i n  c y l i n d r i c a l  v e s s e l s  h e a t e d  from t h e  o u t s i d e .  Argon was used a s  c o v e r  g a s  o v e r  

t h e  Na p o o l .  I n  e a c h  r u n ,  t h e i r  p rocedure  was t o  f i r s t  a d j u s t  t h e  a rgon  p r e s s u r e ,  

t h e n  t o  r a i s e  t h e  h e a t  f l u x  i n  a s t ep -change  t o  some p r e s c r i b e d  v a l u e ,  The Ma 

undergoes t r a n s i e n t  h e a t i n g  w i t h  r a p i d l y  i n c r e a s i n g  t e m p e r a t u r e s  u n t i l  t h e  o n s e t  

of  i n c i p i e n t  n u c l e a t i o n .  Thermocouples i n  t h e  Na p o o l  and i n  t h e  h e a t e d  w a l l  

measured t h e  f l u i d  and w a l l  s u p e r h e a t s ,  (which d i f f e r e d  by no more t h a n  5'F i n  

t h e s e  e x p e r i m e n t s ) .  The a u t h o r s  r e p o r t  t h r e e  i m p o r t a n t  o b s e r v a t i o n s .  F i r s t ,  a s  

i s  now commonly found,  & was no ted  t o  d e c r e a s e  w i t h  i n c r e a s i n g  b o i l i n g  p r e s -  

sure ( i . e .  s y s t e m  p r e s s u r e  a t  moment of n u c l e a t i o n ) .  Second, t h e  r e s u l t s  i n d i -  

c a t e d  t h a t  f o r  a g i v e n  b o i l i n g  p r e s s u r e  and h e a t  f l u x ,  i n c r e a s e d  f o r  

i n c r e a s i n g  maximum-previous p r e s s u r e  ( p r e - b o i l i n g  h i s t o r y  e f f e c t ) ,  T h i r d ,  t h e  

a u t h o r s  a l s o  r e p o r t  t h a t  t h e i r  measured i n c r e a s e d  w i t h  i n c r e a s i n g  h e a t  f l u x .  

T h e i r  expe r imen t s  were a t  r e l a t i v e l y  low h e a t  f l u x e s  (8,000 t o  20,000 Btu/Hs.Ft 1 
and t h e  a u t h o r s  n o t e  t h a t  t h i s  h e a t - f l u x  e f f e c t  may d i m i n i s h  a t  h i g h e r  f l u x e s .  

i n c  

2 i n c  

Petukhov, Kovalev, and Zhukov (Ref ,  9) experimented w i t h  b o i l i n g  from a hea ted  

h o r i z o n t a l  r o d  submerged i n  a Na pool .  I n  c o n t r a s t  t o  t h e  s t u d i e s  reviewed above, 

t h e s e  t e s t s  were made w i t h  e s s e n t i a l l y  no i n e r t  g a s  i n  t h e  vapor  s p a c e .  The 

a u t h o r s  r e p o r t  t h a t  t h e  b o i l i n g  of Na was c h a r a c t e r i z e d  by l a r g e  f l u c t u a t i o n s  i n  

t e m p e r a t u r e s  of  t h e  h e a t e r  s u r f a c e .  They c o r r e c t l y  a t t r i b u t e d  t h i s  t o  t h e  i n s t a -  

b i l i t y  of n u c l e a t i o n  s i t e s  r e q u i r i n g  p e r i o d i c  renewed bubble  i n c e p t i o n s ,  aceom- 

pan ied  by t e m p e r a t u r e s  f l u c t u a t i n g  between s a t u r a t i o n  v a l u e  and some c h a r a c t e r i s t i c  

s u p e r h e a t  v a l u e .  Petukhov e t  a 1  i n t e r p r e t  t h i s  phenomenon i n  terms of  l a r v e r  c r i t -  

i c a l  n u c l e i  r a d i i  f o r  Na t h a n  f o r  o r d i n a r y  f l u i d s  ( a t  t h e  same s u p e r h e a t  v a l u e ) ,  

The g e n e r a l l y  accep ted  c u r r e n t  i n t e r p r e t a t i o n  i s  e x a c t l y  t h e  o p p o s i t e  -- namely 

t h a t  Na t e n d s  to f l o o d  t h e  l a r g e r  n u c l e a t i o n  s i t e s  so t h a t  o n l y  s i tes  w i t h  s m a l l  

c r i t i c a l  r a d i i  a r e  a v a i l a b l e ,  t h u s  r e q u i r i n g  h i g h e r  s u p e r h e a t s  ( p e r  Equa t ion  l l ) .  

Petukhov e t  a 1  a l s o  r e p o r t  a n  i n t e r e s t i n g  t e s t ,  where in  i n c i p i e n t  b o i l i n g  was 

i n i t i a t e d  by a sudden d e c r e a s e  of system p r e s s u r e  (by c o o l i n g  of t h e  vapor s p a c e ) ,  

r a t h e r  t h a n  by t h e  more u s u a l  method of r a i s i n g  sys t em t e m p e r a t u r e s o  The r e s u l t s  

a r e  reproduced i n  F i g u r e  2 ,  which shows t h e  sudden d e c r e a s e  of Na t e m p e r a t u r e  from 

a s u p e r h e a t  of M 150°C t o  M 10" a s  b o i l i n g  i n c e p t i o n  o c c u r r e d ,  

Binchera e t  a 1  (Ref .  18) r e p o r t  expe r imen t s  w i t h  two d i f f e r e n t  rod h e a t e r s  i n  Na 
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p o o l s  c o n t a i n e d  i n  c y l i n d r i c a l  c a p s u l e s .  The f i r s t  h e a t e r  had thermocouples  

p l a c e d  i n  g rooves  i n  t h e  h e a t e r  s u r f a c e .  Very low s u p e r h e a t s  (W 10°C) a r e  re- 

p o r t e d  f o r  t h i s  h e a t e r ,  p o s s i b l y  due t o  t h e  e f f i c i e n t  n u c l e a t i o n  s i t e s  provided 

by t h e  thermocouple g r o o v e s .  The second t e s t  h e a t e r  d i d  n o t  have such  grooves 

and t h e  a u t h o r s  do  r e p o r t  measuring s u p e r h e a t s  up t o  M 90°C f o r  t h i s  h e a t e r .  

However, t h e r e  was extreme s c a t t e r  i n  t h e  d a t a ,  a s  i n d i c a t e d  by t h e  r e s u l t s  

r e p l o t t e d  i n  F i g u r e  3 .  For  example, a t  a s a t u r a t i o n  t e m p e r a t u r e  of 78OoC, t h e  

measured &Tinc v a r i e d  from M 5' t o  M 7 O o C .  

LeGonidec e t  a 1  (Ref ,  16) measured s u p e r h e a t s  r e q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n  

i n  s t a g n a n t  Na c o n t a i n e d  i n  a long p i p e ,  w i t h  a rgon  c o v e r  g a s  i n  t h e  vapor  s p a c e .  

D i r e c t  J o u l e  h e a t i n g  of  t h e  p i p e  and Na was u t i l i z e d  t o  r a i s e  Na t e m p e r a t u r e  

f rom a s t a r t i n g  v a l u e  of M 500'C u n t i l  t h e  occurence  of  v a p o r i z a t i o n .  As p o i n t e d  

o u t  by t h e  a u t h o r s ,  t h e r e  was a g a i n  wide s c a t t e r  i n  t h e  d a t a ,  w i t h  measured Uinc 
v a r y i n g  from abou t  20' t o  2 O O 0 C .  T h i s  would co r re spond  t o  n u c l e i  w i t h  c r i t i c a l  

r a d i i  of 1 t o  10 m i c r o n s ,  The a u t h o r s  a l s o  n o t e  t h a t  b o t h  t h e  number of occur -  

e n c e s  of s u p e r h e a t i n g  and t h e  magnitude of aT i n c r e a s e d  w i t h  t ime.  i n c  

Smidt e t  a 1  (Ref .  19) performed c a p s u l e  expe r imen t s  w i t h  s t a g n a n t  Na p o o l  where in  

i n c i p i e n t  n u c l e a t i o n  was b r o u g h t  abou t  by slow decompression a t  e s s e n t i a l l y  i s o -  

t h e r m a l  c o n d i t i o n s .  The d a t a ,  o b t a i n e d  o v e r  a b o i l i n g  p r e s s u r e  r ange  of 1 t o  15 

p s i a ,  show good p r e c i s i o n .  &I a r e  r e p o r t e d  i n  t h e  r ange  of  100' t o  500°F, 

c o r r e s p o n d i n g  t o  c r i t i c a l  r a d i i  of  1 t o  3 microns .  These p a r t i c u l a r  expe r imen t s  

were performed w i t h  "a s - r ece ived"  s u r f a c e  f i n i s h  on t h e  c a p s u l e  w a l l .  

expe r imen t s  w i t h  a r t i f i c i a l  c a v i t i e s  a r e  mentioned b u t  r e s u l t s  were n o t  i n c l u d e d  

i n  t h i s  r e p o r t .  

i n c  

F u r t h e r  

A l l  t h e  above expe r imen t s  were w i t h  s t a g n a n t  l i q u i d - m e t a l s .  I n  t h e  p a s t  two y e a r s ,  

a f e w  r e p o r t s  have been p u b l i s h e d  of t e s t s  i n  f l o w i n g  sys t ems .  G r a s s ,  Kotlowski ,  

and S p i l l e r  (Ref .  15), r e p o r t  s u p e r h e a t  measurements i n  t u b u l a r  t e s t  s e c t i o n s  under 

s t a g n a n t ,  n a t u r a l - c o n v e c t i v e  f low,  and f o r c e d - c o n v e c t i v e  f low c o n d i t i o n s .  Di rec t  

J o u l e  h e a t i n g  of t h e  t u b u l a r  t e s t  s e c t i o n s  was used,  w i t h  h e a t e d  l e n g t h s  of 2 c m .  

t o  200 cm. The a u t h o r s  n o t e  t h a t  t h e r e  i s  wide s c a t t e r  i n  t h e  measured s u p e r h e a t s ,  

w i t h  a "Gaussian" t y p e  of d i s t r i b u t i o n  a b o u t  a mean v a l u e  f o r  e a c h  o p e r a t i n g  i n c  



c o n d i t i o n .  These q u a l i t a t i v e  c o n c l u s i o n s  a r e  r e p o r t e d :  

1. AT i n c r e a s e d  w i t h  b e t t e r  p u r i f i c a t i o n  of t h e  l i q u i d  m e t a l  p r i o r  t o  i n c  
t h e  t e s t s ;  

2 .  K appeared t o  have a g r e a t e r  tendency t o  s u p e r h e a t  t h a n  Na; 

3 .  e?3c a r e  g e n e r a l l y  lower i n  f o r c e d  o r  n a t u r a l  c o n v e c t i o n  t h a n  i n  s t a g -  i n c  
n a n t  c o n d i t i o n s .  

P i n c h e r a  e t  a 1  (Ref .  17') d e s c r i b e  expe r imen t s  w i t h  Na b o i l i n g  under b o t h  s t a g n a n t  

and f o r c e d - f l o w  c o n d i t i o n s .  S u p e r h e a t s  a t  b o i l i n g  i n c e p t i o n  were de t e rmined  d u r i n g  

imposed power t r a n s i e n t s  on v e r t i c a l  rod  h e a t e r s .  I n  s t a g n a n t  Na w i t h  30-40 ppm 

oxygen c o n t e n t  t h e  s u p e r h e a t s  ( a s  measured i n  t h e  Liquid)  were i n  t h e  range of 

100' t o  300'F. C o n t r a r y  t o  t h e  u s u a l  e x p e r i e n c e ,  t h e s e  d a t a  show l i t t l e  e f f e c t  

of  b o i l i n g  p r e s s u r e  ( i . e .  'TS)- The r e s u l t s  r e p o r t e d  f o r  Na i n  f o r c e d - c o n v e c t i v e  

f low a r e  v e r y  i n t e r e s t i n g  i n  t h a t  t h e y  show a s t r o n g  i n f l u e n c e  of v e l o c i t y .  The 

measured s u p e r h e a t s  (based on t e m p e r a t u r e  o f  t h e  h e a t e d  w a l l ) ,  d e c r e a s e d  s h a r p l y  

from a maximum v a l u e  of M 170'F a t  0.4 m/sec v e l o c i t y ,  t o  a maximum v a l u e  o f  o n l y  

M 18'F a t  1 . 6  m/sec v e l o c i t y .  

Logan e t  a 1  (Ref .  13) experimented w i t h  Na i n  f o r c e d - c o n v e c t i v e  f low p a s t  h e a t e d  

r o d s .  B o i l i n g  i n c e p t i o n  was o b t a i n e d  by (a)  i nc reas ing -power  t r a n s i e n t  OX (b) 

d e c r e a s i n g - p r e s s u r e  t r a n s i e n t .  The a u t h o r s  r e p o r t  l a r g e  s c a t t e r  i n  t h e  measured. 

i n c i p i e n t - b o i l i n g  s u p e r h e a t s ,  b u t  t h a t  some t r e n d s  were d i s c e r n i b l e  from t h e  be- 

h a v i o r  of t h e  maximum s u p e r h e a t s .  I n  s h o r t ,  t h e i r  i n v e s t i g a t i o n  found t h e  max- 

imum & t o  i n c  

(a)  d e c r e a s e  w i t h  i n c r e a s i n g  b o i l i n g  p r e s s u r e  

(b) i n c r e a s e  w i t h  i n c r e a s i n g  h e a t  f l u x  

I n  a l a t e r  r e p o r t  (Ref .  201, t h e s e  i n v e s t i g a t o r s  a l s o  r e p o r t  t h a t  t h e  mean s u p e r -  

h e a t  v a l u e s ,  f o r  a g i v e n  s e t  of o p e r a t i n g  c o n d i t i o n s ,  d e c r e a s e d  w i t h  i n c r e a s i n g  

f low v e l o c i t y .  
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Chen (Ref.  12) o b t a i n e d  measurements of t h e  s u p e r h e a t  r e q u i r e d  t o  i n i t i a t e  b o i l i n g  

i n  po ta s s ium,  The expe r imen t s  were 

performed i n  a h i g h  t e m p e r a t u r e ,  f o r c e d - c o n v e c t i v e  loop ,  u s i n g  a r a d i a n t l y  hea ted  

t u b u l a r  t e s t  s e c t i o n .  A t  d e s i r e d  b o i l i n g  p r e s s u r e ,  i n c i p i e n t  v a p o r i z a t i o n  was ob- 

t a i n e d  by s m a l l  i n c r e m e n t a l  i n c r e a s e s  i n  h e a t  f l u x  a t  t h e  t e s t  s e c t i o n ,  w i t h  a 

minimum w a i t i n g  p e r i o d  of 15 minu tes  a t  s t e a d y  s t a t e  c o n d i t i o n s  between s u c c e s s i v e  

i n c r e a s e s .  T h i s  s lower  p rocedure  appeared t o  g i v e  more r e p r o d u c i b l e  LXC d a t a  

( less  s c a t t e r )  t h a n  p r o c e d u r e s  u s i n g  r a p i d  power, t e m p e r a t u r e ,  o r  p r e s s u r e  t r a n -  

s i e n t s .  

t i o n  c o n d i t i o n s .  

a t  a c o n s t a n t  f low v e l o c i t y  of M 0 .2  f t / s e c .  

i n c  

Emphasis i n  t h e s e  expe r imen t s  were on t h e  e f f e c t  of p r e b o i l i n g  d e a c t i v a -  

I n  a more r e c e n t  s t u d y  (Ref.  21), Chen i n v e s t i g a t e d  t h e  e f f e c t  of t u r b u l e n t  f low 

on i n c i p i e n t - b o i l i n g  s u p e r h e a t .  For a g i v e n  d e a c t i v a t i o n  c o n d i t i o n  and c o n s t a n t  

b o i l i n g  p r e s s u r e ,  Chen measured OT a t  v a r i o u s  f low r a t e s .  The r e s u l t s  c l e a r l y  i n c  
showed s u p e r h e a t s  d e c r e a s i n g  w i t h  i n c r e a s i n g  f low r a t e .  

t i o n  was p roposed ,  based on t h e  e f f e c t  of t u r b u l e n c e  on p r e s s u r e  f l u c t u a t i o n s  a t  

t h e  w a l l .  

A t h e o r e t i c a l  exp lana -  

For  u n d e r s t a n d i n g  of a phenomenon a s  compl i ca t ed  a s  i n c i p i e n t  v a p o r i z a t i o n ,  one 

m u s t  r e l y  h e a v i l y  on w e l l  documented e x p e r i m e n t a l  ev idence  showing i t s  f u n c t i o n a l  

dependence on t h e  v a r i o u s  gove rn ing  p a r a m e t e r s .  U n f o r t u n a t e l y ,  many of  t h e  ex- 

p e r i m e n t a l  i n v e s t i g a t i o n s  o f  i n c i p i e n t - b o i l i n g  s u p e r h e a t  t o  d a t e  were n o t  s u f f i -  

c i e n t l y  w e l l  c o n t r o l l e d  o r  documented t o  i s o l a t e  such  f u n c t i o n a l  dependence.  

N e v e r t h e l e s s ,  an a t t e m p t  i s  made h e r e  t o  i n d i c a t e ,  a t  l e a s t  q u a l i t a t i v e l y ,  some 

o f  t h e  p a r a m e t r i c  dependences t h a t  appea r  t o  a f f e c t  i n c i p i e n t - b o i l i n g  s u p e r h e a t s  

of a l k a l i  l i q u i d  m e t a l s .  

The p a r a m e t r i c  e f f e c t  most c l e a r l y  d e f i n e d  a t  t h i s  t i m e  i s  t h a t  of t h e  sys t em 

b o i l i n g  p r e s s u r e  ( i . e .  t h e  l o c a l  p r e s s u r e  o r  s a t u r a t i o n  t e m p e r a t u r e )  a t  t h e  

n u c l e a t i o n  s i t e .  The re  i s  a lmos t  unanimous agreement among t h e  a v a i l a b l e  expe r -  

i m e n t a l  r e s u l t s  t h a t  nT f o r  i n c i p i e n t  b o $ l i n g  d e c r e a s e s  w i t h  i n c r e a s i n g  i n c  
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p r e s s u r e .  

g a t i o n s .  

d e c r e a s e  a s  t h e  sys t em p r e s s u r e  i o  i n c r e a s e d ,  o t h e r  f a c t o r s  b e i n g  c o n s t a n t .  T h i s  

p a r a m e t r i c  dependence is i n  agreement w i t h  t h e  b e h a v i o r  p r e d i c t e d  by t h e  funda-  

men ta l  Lap lace  e q u a t i o n  (11, which when combined w i t h  t h e  C laus ius -C lapeyron  

e q u a t i o n  g i v e s  ( n e g l e c t i n g  VL i n  Eq. (9)) 

F i g u r e  4 shows a composi te  p l o t  of d a t a  f rom t h r e e  d i f f e r e n t  i n v e s t i -  

It i s  s e e n  t h a t  t h e  s u p e r h e a t s  measured f o r  b o t h  K and Na d e f i n i t e l y  

where 

1 = ' l a t e n t  h e a t  of v a p o r i z a t i o n  

= vapor  d e n s i t y  

= s a t u r a t i o n  t e m p e r a t u r e  a t  l o c a l  p r e s s u r e  
PV 

The v a r i a t i o n  of w i t h  s a t u r a t i o n  t e m p e r a t u r e  ( a t  c o n s t a n t  c r i t i c a l  r a d i u s )  

i s  t h e n ,  
ins. 

Examination of  t h e  p h y s i c a l  p r o p e r t i e s  t a b l e s  shows t h a t  t h e  r i g h t  hand s i d e  of  

t h i s  e q u a t i o n  i s  n e g a t i v e  f o r  t h e  a l k a l i  l i q u i d  m e t a l s ,  t h u s  i n d i c a t i n g  t h a t  ATinc 

shou ld  indeed d e c r e a s e  a s  T (or  b o i l i n g  p r e s s u r e )  i s  i n c r e a s e d .  
S 

2 .  S u r f a c e  f i n i s h  

It i s  g e n e r a l l y  accep ted  t h a t  bubb le  n u c l e a t i o n  l i k e l y  o c c u r s  a t  unfbosded cav- 

i t i e s  on t h e  b o i l i n g  s u r f a c e .  It f o l l o w s  t h e n ,  t h a t  s u r f a c e s  of rough f i n i s h ,  

o r  ones w i t h  a r t i f i c i a l  c a v i t i e s ,  a r e  more l i k e l y  t o  have p o t e n t i a l  n u c l e a t i o n  

s i t e s  t h a n  p o l i s h e d  s u r f a c e s .  S taced  a n o t h e r  way, one e x p e c t s  t h a t  p o l i s h e d  s u r -  

f a c e s  would have unflooded c a v i t i e s  of  s m a l l e r  dimensions t h a n  rough s u r f a c e s .  

Assuming t h a t  t h e  c r i t i c a l  r a d i u s  f o r  rrsrcleation (r ) is p r o p o r t i o n a l  Do t h e  
C 
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c a v i t y  dimension,  Equa t ion  (1) would t h e n  p r e d i c t  t h a t  rough s u r f a c e s  ( o r  ones 

w i t h  a r t i f i c i a l  c a v i t i e s )  would r e q u i r e  s m a l l e r  n u c l e a t i o n  s u p e r h e a t s ,  a l l  o t h e r  

f a c t o r s  b e i n g  e q u a l .  

The e x p e r i m e n t a l  r e s u l t s  of Edwards and Hoffman (Ref .  2) appear  t o  v e r i f y  t h i s  

r e a s o n i n g .  Some of  t h e i r  d a t a  on i n c i p i e n t  b o i l i n g  of K a r e  reproduced i n  

F i g u r e  5 .  @T i s  p l o t t e d  a g a i n s t  b o i l i n g  t e m p e r a t u r e  T showing t h e  r ange  

of  r e s u l t s  o b t a i n e d  on (a)  "as r e c e i v e d "  s u r f a c e  and (b)  s u r f a c e  w i t h  0.006°8 

d i a m e t e r  a r t i f i c i a l  c a v i t i e s .  It i s  s e e n  t h a t  t h e  l a t t e r  roughe r  s u r f a c e ,  w i t h  

i n c  S, 

a r t i f i c i a l  c a v i t i e s ,  d i d  r e q u i r e  s u b s t a n t i a l l y  less  s u p e r h e a t  t o  h i t i a t e  b o i l . i n g .  

T h i s  "roughness e f f e c t "  may sometimes be tempered by o t h e r  c o n s i d e r a t i o n s  

( R e f s .  12 and 28),  H o l t z  and S i n g e r  (Ref .  22) and o t h e r s  have p o i n t e d  o u t  t h a t  

f o r  s u f f i c i e n t l y  rough s u r f a c e s ,  where t h e r e  e x i s t s  a m u l t i t u d e  of  n u c l e a t i o n  

c a v i t i e s ,  t h e  l i m i t i n g  c r i t e r i o n  would l i k e l y  be t h e  d e g r e e  o f  f l o o d i n g  i n  t h e  

c a v i t i e s  r a t h e r  t han  t h e  a v a i l a b i l i t y  of c a v i t i e s  i t s e l f .  

Chen 

The Lap lace  e q u a t i o n ,  w r i t t e n  i n  t h e  form of  Equa t ion  (I-), r e c o g n i z e s  t h a t  t h e  

r e q u i r e d  p r e s s u r e  e x c e s s  w i t h i n  t h e  bubble  n u c l e u s  i s  made up of a vapor  p r e s -  

s u r e  c o n t r i b u t i o n  (P ) and a g a s  p a r t i a l - p r e s s u r e  c o n t r i b u t i o n  (P ) .  A l l  f a c t o r s  

b e i n g  e q u a l ,  a s m a l l e r  vapor  p r e s s u r e  would be r e q u i r e d  t o  c a u s e  i n c i p i e n t  n u c l e -  

a t i o n  i f  t h e  g a s  c o n t e n t  i n  t h e  l i q u i d  m e t a l  was i n c r e a s e d  ( h i g h e r  E' ) .  One t h u s  

e x p e c t s  i n c i p i e n t - b o i l i n g  s u p e r h e a t s  t o  d e c r e a s e  a s  d i s s o l v e d - g a s  c o n c e n t r a t i o n  

i n c r e a s e s .  To o u r  knowledge, t h e r e  h a s  been no e x p e r i m e n t a l  s t u d y  t~ d a t e  ( w i t h  

a l k a l i  m e t a l s )  t h a t  can e i t h e r  v e r i f y  o r  d i s p r o v e  t h i s  expec ted  b e h a v i o r .  Care- 

f u l l y  documented expe r imen t s  t o  q u a n t i t a t i v e l y  measure t h e  e f f e c t s  of g a s  c o n t e n t  

a r e  needed.  

V g 

g 

4 .  Heat f l u x  

The e f f e c t  of  h e a t  f l u x  i s  a l s o  n o t  y e t  d e t e r m i n e d .  H o l t z  and S i n g e r  (Ref.  4 )  

r e p o r t e d  t h a t  i n c i p i e n t  LQ- a p p a r e n t l y  i n c r e a s e d  s l i g h t l y  a s  h e a t  f l u x  i n -  

c r e a s e d .  T h e i r  expe r imen t ,  however, o n l y  covered a s m a l l  r ange  of h e a t  f l u x ,  

w i t h  a l l  d a t a  b e i n g  t a k e n  a t  Q/A < 20,000 Btu/Hr.Pt  

1 l l C  

2 I n  subsequen t  r e p o r t s  
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(Ref .  22), t h e s e  a u t h o r s  s t a t e  t h a t  t h i s  seeming e f f e c t  of h e a t - f l u x  may a c t u a l l y  

have been caused  by chang ing  g a s  c o n t e n t s ,  b rough t  abou t  by d i f f u s i o n  d u r i n g  t h e  

d u r a t i o n  of t h e  t e s t s .  LeGonidec e t  a 1  (Ref .  1 6 ) ,  a l s o  a t t empted  t o  d e t e r m i n e  

t h e  e f f e c t  of h e a t  f l u x  b u t  r e p o r t e d  t h a t ,  from thefir  r e s u l t s ,  # # t h e  h e a t i n g  power 

seemed t o  be a n  un impor t an t  parameter" .  T h i s  a p p a r e n t  unimportance of  h e a t  f l u x  

on i n c i p i e n t - n u c l e a t i o n  s u p e r h e a t  a t  l e a s t  p a r t l y  c o n f i r m s  t h e  c o n t e n t i o n  t h a t  

t h e  the rma l  c r i t e r i o n  ( R e f .  1) of n u c l e a t i o n ,  a p p l i c a b l e  f o r  o r d i n a r y  f l u i d s ,  i s  

u s u a l l y  n o t  t h e  l i m i t i n g  c r i t e r i o n  f o r  l i q u i d  m e t a l s .  

Both H o l t z  (Ref .  5) and Chen (Ref.  12) have proposed t h a t ,  i n  t h e  c a s e  of  a l k a l i  

m e t a l s ,  i t  i s  o f t e n  t h e  p r e b o i l i n g  p r e s s u r e - t e m p e r a t u r e  c o n d i t i o n  t h a t  d e t e r m i n e s  

t h e  c r i t i c a l  c a v i t y  s i z e  f o r  n u c l e a t i o n ,  (rc).  It i s  t h e  d e g r e e  of c a v i t y  f l o o d -  

i n g  ( d e a c t i v a t i o n )  caused by t h e  p r e b o i l i n g  h i s t o r y ,  where in  subcooled l i q u i d  may 

be  f o r c e d  i n t o  p o t e n t i a l  n u c l e a t i o n  s i t e s ,  t h a t  d e t e r m i n e s  r and hence t h e  supe r -  

h e a t  r e q u i r e d  t o  cause  bubb le  n u c l e a t i o n .  Expe r imen ta l  r e s u l t s  f rom t h e  few 

i n v e s t i g a t i o n s  where d e a c t i v a t i o n  c o n d i t i o n s  have been c o n t r o l l e d  and documented 

appea r  t o  v e r i f y  t h i s  e f f e c t  (Ref s .  4 ,  12,  2 2 ) .  F i g u r e  6 shows r e s u l t s  o b t a i n e d  

w i t h  K (Ref .  12) b o i l i n g  a t  16 p s i a ,  a f t e r  d e a c t i v a t i o n  of t h e  h e a t i n g  s u r f a c e  a t  

1180'F and v a r i o u s  p r e s s u r e s  

( a t  c o n s t a n t  d e a c t i v a t i o n  t e m p e r a t u r e )  r e d u c e s  t h e  c r i t i c a l  n u c l e u s  r a d i u s  and 

l e a d s  t o  h i g h e r  i n c i p i e n t  s u p e r h e a t s .  The same e f f e c t  i s  o b t a i n e d  f o r  d e c r e a s i n g  

d e a c t i v a t i o n  t e m p e r a t u r e  a t  c o n s t a n t  d e a c t i v a t i o n  p r e s s u r e .  

C 

It i s  s e e n  t h a t  i n c r e a s i n g  d e a c t i v a t i o n  p r e s s u r e  

6 .  Flow r a t e  

Recent  e x p e r i m e n t a l  r e s u l t s  (Ref s .  13, 17 ,  21) o b t a i n e d  w i t h  f l o w i n g  l i q u i d  m e t a l s  

have i n d i c a t e d  a d e f i n i t e  f low (a  v e l o c i t y )  e f f e c t  on i n c i p i e n t  b o i l i n g  AT I 

F i g u r e  7 shows d a t a  f rom R e f s .  1 7  and 2 1  where in  ATinc i s  g iven  a s  a f u n c t i o n  of 

f low v e l o c i t y ,  a l l  o t h e r  v a r i a b l e s  b e i n g  e s s e n t i a l l y  c o n s t a n t .  It i s  s e e n  t h a t  

i n c r e a s i n g  f low r a t e  s h a r p l y  r e d u c e s  t h e  s u p e r h e a t  r e q u i r e d  f o r  n u c l e a t i o n .  While 

t h e r e  a r e  o n l y  t h e s e  few d a t a  a v a i l a b l e  a t  t h i s  t ime ,  t h e  measured e f f e c t  of f low 

r a t e  i s  so c l e a r l y  e v i d e n t  t h a t  one can  be  f a i r l y  c o n f i d e n t  of t h e  v a l i d i t y  of 

t h i s  p a r a m e t r i c  e f f e c t .  Chen (Ref .  21) h a s  proposed a t e n t a t i v e  t h e o r y ,  based on 

f l u c t u a t i n g  p r e s s u r e s  a s s o c i a t e d  w i t h  t u r b u l e n t  f l o w ,  a s  a p o s s i b l e  e x p l a n a t i o n  

f o r  t h i s  " v e l o c i t y a 1  e f f e c t .  

i n e  
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BOILING 

A s  no ted  i n  a n  e a r l i e r  s e c t i o n ,  t h e r e  a r e  c o n c e p t u a l l y  two key q u a n t i t i e s  t o  be 

de t e rmined  i f  one i s  t o  be a b l e  t o  p r e d i c t  t h e  d e g r e e  of  w a l l  s u p e r h e a t  o r  b u l k  

s u p e r h e a t  r e q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n .  One i s  t h e  maximum r a d i u s  of bubble  

n u c l e u s  a v a i l a b l e  f o r  n u c l e a t i o n  and t h e  second i s  t h e  temporal  and s p a t i a l  v a r i a -  

t i o n  of t e m p e r a t u r e  and p r e s s u r e  i n  t h e  l i q u i d  i n  which b o i l i n g  i s  t o  be i n i t i a t e d .  

Both of t h e s e  q u a n t i t i e s  a r e  v e r y  d i f f i c u l t  t o  d e t e r m i n e ;  t h e  f i r s t  because  of t h e  

i r r e g u l a r  s t a t i s t i c a l  n a t u r e  of n u c l e a t i o n  c a v i t y  a v a i l a b i l i t y  and t h e  second be- 

c a u s e ,  i n  t u r b u l e n t  f l o w s ,  i t  i s  n o t  p o s s i b l e  t o  p r e d i c t  t h e  e x a c t  time and space  

v a r i a t i o n s  of  p r e s s u r e  and t e m p e r a t u r e .  N o n e t h e l e s s ,  some r e a s o n a b l e  a n a l y t i c a l  

models have been developed f o r  p r e d i c t i n g  b o i l i n g  s u p e r h e a t  and t h e s e  w i l l  be  re- 

viewed be low. 

F i r s t  l e t  u s  c o n s i d e r  t h e  problem of  p r e d i c t i n g  c a v i t y  s i z e  a v a i l a b l e  for n u c l e -  

a t i o n .  

s i n c e  t h e  v e r y  h i g h  s u p e r h e a t s  o b t a i n e d  i n  t h e s e  f l u i d s  seems t o  be due t o  t h e  

tendency of a l k a l i  m e t a l s  t o  f l o o d  l a r g e r  a v a i l a b l e  c a v i t i e s ,  t h e  d e g r e e  of supe r -  

h e a t  t h e n  b e i n g  de te rmined  by t h e  s i z e  of t h e  l a r g e s t  c a v i t y  l e f t  un f looded .  

T h i s  i s  p a r t i c u l a r l y  r e l e v a n t  t o  i n c i p i e n t  n u c l e a t i o n  i n  a l k a l i  m e t a l s ,  

One of t h e  f i r s t  a n a l y t i c a l  models developed t o  t r e a t  t h e  f l o o d i n g  of  n u c l e a t i o n  

s i t e s  by a l k a l i  m e t a l s  i s  t h e  "equ iva len t "  c a v i t y  model proposed by H o l t z .  (Ref .  

23) .  I n  e s s e n c e ,  H o l t z  c o n s i d e r e d  c a v i t i e s  o f  a r b i t r a r y  i r r e g u l a r  shapes  such  

a s  t h o s e  d e p i c t e d  i n  F i g u r e s  8 and 9 .  The f l o o d i n g  o r  non- f lood ing  of  such  cav- 

i t i e s  depends upon t h e  minimum r a d i u s  w i t h i n  such  c a v i t i e s ,  t h e  s u r f a c e  t e n s i o n  

of t h e  l i q u i d ,  ( i . e .  i t s  a b i l i t y  t o  wet t h e  c a v i t y  i n t e r i o r ) ,  t h e  shape  of t h e  

c a v i t y  and t h e  p r e s s u r e  and t e m p e r a t u r e  of  t h e  l i q u i d .  I n  F i g u r e  8 i s  shown a 

c a s e  of w e t t i n g  l i q u i d  e n t e r i n g  c a v i t i e s .  I n  t h i s  c a s e ,  f o r  t h e  c a v i t y  shape  

shown, s u r f a c e  t e n s i o n  f o r c e s  w i l l  t end  t o  draw t h e  l i q u i d  i n t o  t h e  c a v i t y .  The 

l i q u i d - g a s  i n t e r f a c e  w i l l  t e m p o r a r i l y  s t a b i l i z e  a t  t h e  r a d i u s  F' where t h e  p r e s -  

s u r e  P '  = P '  + P '  i n  t h e  c a v i t y  b a l a n c e s  and l i q u i d  p r e s s u r e  p l u s  s u r f a c e  t e n s i o n  b g  V 

f o r c e s ,  i . e . ,  
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S i n c e ,  d u r i n g  f i l l i n g ,  t h e  l i q u i d  w i l l  be  below s a t u r a t i o n  t e m p e r a t u r e ,  t h e  vapor  

p r e s s u r e  P w i l l  be less t h a n  P,  and t h e  p r e s e n c e  o f  non-condens ib l e  g a s  ( p a r t i a l  

p r e s s u r e  P ) i s  n e c e s s a r y  i n  o r d e r  t o  avo id  f l o o d i n g  of  t h e  c a v i t y .  However, ac-  

c o r d i n g  t o  Hol tz ,  one may e x p e c t  t h a t  i n  l i q u i d - m e t a l  systems a l l  e n t r a p p e d  non- 

c o n d e n s i b l e  g a s e s  w i l l  be removed from s u r f a c e  c a v i t i e s  by the rma l  d i f f u s i o n .  

Hence, i f  t h e  l i q u i d  m e t a l  wets t h e  i n n e r  s u r f a c e  of t h e  c a v i t i e s ,  t h e  c a v i t y  

w i l l  be u l t i m a t e l y  f l o o d e d  no m a t t e r  what i t s  sizeJc and w i l l  n o t  be a b l e  t o  s e r v e  

a s  a n u c l e a t i o n  s i t e .  

V 

g 

I n  view of t h e  above c o n c l u s i o n ,  H o l t z  p o s t u l a t e s  t h a t  t h e r e  must  be a c e r t a i n  

number of  s u r f a c e  c a v i t i e s  which do  n o t  become w e t t e d  by l i q u i d  m e t a l  d u r i n g  t h e  

f i l l  p r o c e s s .  Such a s i t u a t i o n  i s  d e p i c t e d  i n  F i g u r e  9 .  Although a l k a l i  l i q u i d  

m e t a l s  do d e f i n i t e l y  t end  t o  wet  m e t a l  s u r f a c e s ,  t h e  n o n - w e t t i b i l i t y  06 c e r t a i n  

c a v i t i e s  could be argued on t h e  b a s i s  of  i m p u r i t i e s  e . g .  o x i d e  l a y e r s .  

I n  t h e  c a s e  of a non-we t t ing  f i l l  p r o c e s s  we have ( n e g l e c t i n g  non-condens ib l e  

g a s e s )  

P; + + = P' r 

and t h e  c a v i t y  may remain unflooded p rov ided  t h e  minimum r a d i u s  of t h e  c a v i t y ,  

r i s  s u f f i c i e n t l y  s m a l l  t o  s a t i s f y  t h e  i n e q u a l i t y  m' 

P' + &2 > P '  
V r m 

Now, i f  t h e  c a v i t y  remained unwetted up t o  and i n c l u d i n g  t h e  p o i n t  o f  i n c i p i e n t  

n u c l e a t i o n ,  t h e n  no s u p e r h e a t  would be  r e q u i r e d  t o  e x p e l  t h e  vapor  bubble  f rom 

t h e  c a v i t y .  T h i s  i s  because ,  a s  s a t u r a t i o n  t e m p e r a t u r e  i s  approached and P 

approaches  P ,  s u r f a c e  t e n s i o n  f o r c e s  would a i d  r a t h e r  t h a n  oppose e x p u l s i o n  of  

t h e  bubb le .  I n  o r d e r  t o  e x p l a i n  t h e  d e g r e e  o f  s u p e r h e a t i n g  observed i n  l i q u i d  

m e t a l s ,  H o l t z  o f f e r s  t h e  s u p p o s i t i o n  t h a t  a l t h o u g h  t h e  l i q u i d  m e t a l  does  n o t  w e t  

d u r i n g  f i l l i n g ,  i t  w i l l  b e g i n  t o  w e t  a s  i t  b e g i n s  t o  withdraw from t h e  c a v i t y ,  

V 

- - _ - - _ - _ - _ _ _ - _ _ _ - _ _ _ _  
9; 
Unless  it i s  a r e e n t r a n t  c a v i t y ,  which w i l l  be d i s c u s s e d  l a t e r .  
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and t h e  bubble  c u r v a t u r e  w i l l  r e v e r s e  i t s  d i r e c t i o n  a s  shown i n  F i g u r e  9 .  With 

l i q u i d  w e t t i n g ,  t h e  p r e s s u r e  r e l a t i o n s h i p  between P and P w i l l  be 
V 

P = P +  
V 

C 

i . e .  s u p e r h e a t  w i l l  be r e q u i r e d  t o  e x p e l  t h e  bubb le  f rom t h e  c a v i t y .  

H o l t z ' s  non-we t t ing  - w e t t i n g  model may be  c o n s i d e r e d  t o  be p l a u s i b l e  i f  one con- 

s i d e r s  t h e  f a c t  t h a t  a l t h o u g h  t h e  l i q u i d  m e t a l  may n o t  wet upon e n t r y  i n t o  a c a v i t y ,  

t h e  c a v i t y  s u r f a c e  t h a t  h a s  been i n  c o n t a c t  w i t h  t h e  l i q u i d  me ta l  can  become a l t e r e d  

due t o  d i s s o l v i n g  of i m p u r i t i e s  so  t h a t  t h e  l i q u i d  m e t a l  can wet  upon w i t h d r a w a l .  

The d e g r e e  of  s u p e r h e a t  r e q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n  a c c o r d i n g  t o  H o l t z ' s  model 

i s  o b t a i n e d  by s o l v i n g  Equa t ion  (15) f o r  r '  = r 

t h a t  h a s  o c c u r r e d  i n  t h e  h i s t o r y  of t h e  l a s t  f i l l i n g  of t h e  sys t em.  Large v a l u e s  of 

P' - P' a r e  produced by sys t em p r e s s u r e s  much g r e a t e r  t h a n  s a t u r a t i o n  p r e s s u r e  o r ,  

e q u i v a l e n t a l l y ,  by sys t em t e m p e r a t u r e s  much lower t h a n  s a t u r a t i o n  t e m p e r a t u r e .  The 

maximum v a l u e  o f  t h e  d i f f e r e n c e  between sys t em p r e s s u r e  and s a t u r a t i o n  vapor  p r e s -  

s u r e  t h a t  o c c u r s  i n  t h e  p r e - b o i l i n g  h i s t o r y  of a b o i l e r  i s  r e f e r e d  t o  a s  d e a c t i v a -  

t i o n  p r e s s u r e  w h i l e  t h e  maximum d i f f e r e n c e  between s a t u r a t i o n  t e m p e r a t u r e  and sys t em 

t e m p e r a t u r e  i s  r e f e r r e d  t o  a s  d e a c t i v a t i o n  t e m p e r a t u r e .  

u s i n g  t h e  maximum v a l u e  f o r  B'-Pf 
C '  V 

V 

H o l t z ' s  model h a s  been mod i f i ed  by Chen (Ref .  12)  by c o n s i d e r i n g  a c o n i c a l  shape f o r  

c a v i t i e s  and t a k i n g  t h e  e f f e c t  of und i s so lved  g a s  i n t o  a c c o u n t .  The und i s so lved  g a s  

h a s  a s t r o n g  e f f e c t  i n  r e s i s t i n g  t h e  p e n e t r a t i o n  o f  l i q u i d  i n t o  c a v i t i e s  e s p e c i a l l y  

under s e v e r e  d e a c t i v a t i o n  c o n d i t i o n s .  Chen ' s  model r e t a i n s  t h e  same s u p p o s i t i o n  a s  

H o l t z ' s  model t h a t  l i q u i d  d o e s  n o t  w e t  a s  it p e n e t r a t e s  a c a v i t y  b u t  d o e s  w e t  a s  i t  

wi thd raws .  

Chen o b t a i n s  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  AI? t h e  excess p r e s s u r e  i n s i d e  t h e  bub- 

b l e  r e q u i r e d  f o r  i n c i p i e n t  b o i l i n g f t .  
i n c  

fe A s  w e  s h a l l  see,  a v e r y  n e a r l y  e q u i v a l e n t  e x p r e s s i o n  i s  o b t a i n e d  f o r  AI? u s i n g  i n c  a r e - e n t r a n t  c a v i t y  model.  
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0 = b' (P' - P;) - "inc 

G 

r m 
(18) 

Deactivation 

where rm is the conical radius at the depth of maximum liquid penetration into 

the cavity and Go = Pgo ro /To is a measure of the content of non-condensfble gas 

trapped in the cavity (a quantity to be determined empirically). 

quantities in this equation are the system temperature, pressure, vapor pressure, 

and surface tension measured at the most severe condition of  deactivation exper- 

ienced by the boiler in its pre-boiling history. 
measured at conditions corresponding to inception of boiling. 

The primed 

Non-primed quantities are 

The degree of superheat for incipient boiling corresponding to APinc can be ob- 
tained from the Clausius-Claperyon equation (Equation ( 4 ) )  or from a vapor pres- 

sure vs. temperature curver 

will be discussed later in this section. 
Values of superheat obtained from Chen's analysis 

The Holtz-Chen model for predicting superheat in liquid metals has been given 

further refinement by Dwyer (Ref. 24) by considering that 

(a) the quantity of inert gas present in an active cavity may decrease in 
time by being carried away by boiling and 

(b) the effective cavity radius at inception of boiling can be different 

than the minimum interface radius established during deactivation. 

Incorporation of these refinements permit one to obtain excellent agreement 

between measured and predicted superheats. Also,  and more importantly, these 

concepts shed additional light on the various physical mechanisms at play in the 

determination of superheat required for incipient boiling. For example, the con- 

cept of l o s s  of inert gas leads to an explanation of a heat flux effect on super- 

heat. Unfortunately, although both the refinements introduced-by Dwyer are physi- 

cally reasonable, it is difficult if not impossible to arrive at a-purely theore- 

tical prediction either of the loss of inert gas with boiling or of the ratio of 
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effective nucleation cavity radius to the minimum deactivation cavity radius. 

Hence, both refinements introduce additional empirical parameters into the inci- 

pient superheat calculations. 

The conceptual difficulty in the Holtz-Chen-Dwyer model for incipient superheat 

of having to assume that liquid metals do not wet cavities during deactivation 

but do wet at the point of incipient boiling can be avoided by considering cav- 

ities of the re-entrant type. The concept of a re-entrant cavity has been pre- 

viously proposed by a number of investigators to explain various aspects of 

nucleate boiling (see, for example, Ref. 6 by Marto and Rosenhow). 

\ Interface at 
Incipient Boiling 

i 
I 

\ B Interface during 
De a c t i va t i. on 

Figure 10 
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The above s k e t c h  of a r e - e n t r a n t  c a v i t y  i s  i d e a l i z e d  i n  t h a t  t h e  c o r n e r s  a t  t h e  

mouth of  t h e  c a v i t y  a r e  assumed t o  be  s h a r p .  The c a v i t y  i s  a l s o  assumed t o  be 

r o t a t i o n a l l y  symmetr ic .  Suppose t h a t  l i q u i d  m e t a l  d o e s  b r i d g e  a t  t h e  c a v i t y  

mouth so t h a t  t h e  c a v i t y  i s  n o t  f l o o d e d  d u r i n g  f i l l i n g + < .  Now, i f  t h e  l i q u i d  i s  

subcoo led ,  t h e  i n t e r f a c e  w i l l  r e c e d e  i n t o  t h e  c a v i t y  and have a r a d i u s  of  cu rva -  

t u r e  r ' .  Note t h a t  t h e  s u r f a c e  t e n s i o n  f o r c e  i s  i n  t h e  d i r e c t i o n  t o  r e s i s t  

f l o o d i n g .  L e t  f3 be t h e  w e t t i n g  a n g l e .  Then 

r 
c o s  

m r '  x - 

where r = minimum r a d i u s  of c a v i t y  opening m 

cp = 90" - (f3 - y) 

It i s  i n t e r e s t i n g  t o  see t h a t  a r e - e n t r a n t  c a v i t y  can remain unflooded even f o r  

a w e t t i n g  f l u i d  such  a s  l i q u i d  a l k a l i  m e t a l s .  Fo r  o t h e r  t y p e s  of c a v i t i e s ,  t h e  

l i q u i d  has  t o  be assumed non-we t t ing  i n  o r d e r  f o r  a n o n - r e e n t r a n t  c a v i t y  t o  have 

a chance t o  remain un f looded .  

During d e a c t i v a t i o n  t h e  i n t e r f a c e  e q u i l i b r i u m  e q u a t i o n  can  be w r i t t e n  a s  

The p a r t i a l  p r e s s u r e  of i n e r t  gas  i s  i n c l u d e d .  Those c a v i t i e s  which canno t  

deve lop  enough s u r f a c e  t e n s i o n  f o r c e  t o  b a l a n c e  t h e  p r e s s u r e  d i f f e r e n c e  w i l l  

be f l o o d e d ;  t h i s  can  be  caused  by e i t h e r  one o f  t h e  f o l l o w i n g :  

1) rm t o o  l a r g e  

2) c o s  cp t o o  s m a l l  
- _ _ - - _ _ - _ _ _ _ _ - _ - - _ - _ - - - _ - _ - _  
+:The a n a l y s i s  p r e s e n t e d  below f o l l o w s  t h a t  p r e s e n t e d  by Dougherty i n  R e f .  29 .  
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Given a rough s u r f a c e  w i t h  complete  r ange  of r e - e n t r a n t  c a v i t i e s  w i t h  v a r i o u s  

v a l u e s  o f  r and B S  and g i v e n  any p a r t i c u l a r  d e a c t i v a t i o n  c o n d i t i o n  ( p a r t i c u l a r  

v a l u e  f o r  r ' ) >  t h a t  c a v i t y  which would remain unflooded and r e q u i r e  l e a s t  supe r -  

h e a t  t o  s u b s e q u e n t l y  n u c l e a t e  would be t h e  one w i t h  r = r' i . e .  w i t h  CQS U, = 1. 

S i n c e  t h e s e  c a v i t i e s  w i l l  c o n t r o l  t h e  s u p e r h e a t  r e q u i r e d  f o r  i n c e p t i o n  of b o i l i n g ,  

we can s e t  c o s  a = 1 i n  o u r  a n a l y s i s .  

m 

m 

T y p i c a l l y ,  t h e  s i z e  of a r e - e n t r a n t  c a v i t y  i s  much l a r g e r  t h a n  it ,s open ing .  There- 

f o r e ,  t h e  volume of t h e  vapor  phase i n s i d e  t h e  c a v i t y  does  n o t  change appreciab1,y 

d u r i n g  t h e  d e a c t i v a t i o n  p e r i o d .  For a c o n s t a n t  volume p r o c e s s S  t h e  p a r t i a l  p r e s -  

s u r e  of t h e  i n e r t  g a s  a t  i n c e p t i o n  of b o i l i n g  i s  

p = -  P '  
g T '  g 

And, t h e  bubb le  e q u i l i b r i u m  e q u a t i o n  a t  i n c e p t i o n  of b o i l i n g  becomes 

dc 
Using r = a! r' and Equa t ion  (20), w e  have 

C 

P = P 4- "I-a [ P B  - ( P ' + P ' ) ] -  $- P '  
V a0 V g g 

which i s  t h e  same e q u a t i o n  a s  o b t a i n e d  by Chen (Eq. 18) e x c e p t  t h a t  he has  ex- 

p r e s s e d  P '  a s  G T ' / r m  3 and a l s o  Eq. (23)  c o n t a i n s  t h e  f a c t o r  a. g 0 

Knowing P w e  can  d e t e r m i n e  t h e  c o r r e s p o n d i n g  t e m p e r a t u r e  e i t h e r  by u s i n g  a s a t u r -  

a t i o n  t a b l e  o r  t h e  Clapeyron e q u a t i o n ,  f rom which t h e  i n c i p i e n t  b o i l i n g  s u p e r h e a t  
V 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
$:The f a c t o r  a i s  i n c l u d e d  h e r e  t o  p e r m i t  one t o  c o n s i d e r  t h a t  t h e  i n c e p t i o n  r a d i u s  
rc may be d i f f e r e n t  f rom t h e  minimum d e a c t i v a t i o n  r a d i u s  r ' -  
sugges t ed  by Dwyer, R e f .  ( 2 4 ) .  

T h i s  concep t  was 
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can  be c a l c u l a t e d .  I n  F i g u r e s  11 and 12, t h e  i n c i p i e n t  b o i l i n g  s u p e r h e a t  c a l c u -  

l a t e d  from t h e  r e - e n t r a n t  c a v i t y  model i s  p l o t t e d  a g a i n s t  d e a c t i v a t i o n  subcoo l ing  

a t  d e a c t i v a t i o n  p r e s s u r e s  of 16 and 25 p s i a  r e s p e c t i v e l y .  

of po tass ium i s  16 p s i a .  

shown f o r  comparison.  I n  F i g u r e  31,  it can  be s e e n  t h a t  t h e  expe r imen ta l  d a t a  

show v e r y  little! e f f e c t  of d e a c t i v a t i o n  subcoo l ing  i n  c o n t r a s t  t o  t h e  a n a l y t i c a l  

c u r v e s  which show a s t e a d y  i n c r e a s e  i n  i n c i p i e n t  b o i l i n g  s u p e r h e a t  w i t h  d e a c t i v -  

a t i o n  subcoo l ing .  

w i t h  t h e  d a t a  i n  F i g u r e  11 than  does  t h e  r e - e n t r e a t  c a v i t y  model with [II 88 l ,  

f a c t  t h a t  Chen'a a n a l y t i c a l  curve  tend8 t o  b 
v a l u e s  o f  d e a c t i v a t i o n  subcaafiag ia duo t o  t 

a c o n i c a l  c a v i t y .  I n  auck e eavity, P dce€!tivetion pr 
t e r r a c e  advence i  toward the apex end esmpr 
no apprec iab  l e  eomple 

Ghen's model esp d a l l y  under 8 vere d%aativEltion eonditisa (large T; a 9%& or 

The b o i l i n g  p r e s s u r e  

Chen's expe r imen ta l  d a t a  and a n a l y t i c a l  cu rve  a r e  a l s o  

I n  r e g a r d  t o  t h i s ,  (Zhen's model shows e l i g h t l y  betd: 
The 

nea r ly  c o n s ~ a n t  a t  h i g h  

ion  earl take plrae in El re=entre 
urea l a  end 12 t he  pleeeent model w i t h  Q l prediatta hi@k@l% euperh@Elt than 

large 9 ' )  e 

Xn Figure 12, t h e  e x p e r i m e n t a l  d a t a  €ar i n e i p i e n t  b o i l i n g  s u p e r h e a t  show a more 

pronounced i n c r e a s e  w i t h  d e a c t i v a t i o n  s u b c o o l i n g  t h a n  they  do i n  F i g u r e  11 a l -  

though t h e  e f f e c t  i s  s t i l l  s l i g h t .  I n  F i g u r e  12 ,  t h e  r e - e n t r a n t  c a v i t y  model 

w i t h  = 1.5 seems t o  g i v e  t h e  b e s t  o v e r a l l  f i t  w i t h  t h e  d a t a .  T h i s  s u g g e s t  

t h a t  t h e  e m p i r i c a l  c o e f f i c i e n t  Q! might t e n d  t o  i n c r e a s e  w i t h  b o i l i n g  p r e s s u r e p  

a h y p o t h e s i s  which could be  checked by f u t u r e  e x p e r i m e n t s .  

From t h e  e x p e r i m e n t a l  d a t a  r e p o r t e d  by Chen, it i s  s e e n  t h a t  when t h e  d e a c t i v a -  

t i o n  s u b c o o l i n g  approaches  z e r o  t h e  s u p e r h e a t  a p p e a r s  t o  remain a t  a c e r t a i n  

v a l u e  d i f f e r e n t  from z e r o  whereas  b o t h  t h e  r e - e n t r a n t  a n a l y t i c a l  model and Chen's  

c o n i c a l  model p r e d i c t  t h a t  t h e  s u p e r h e a t  shou ld  approach z e r o  w i t h  t h e  d e a c t i v a -  

t i o n  s u b c o o l i n g .  T h i s  d i s c r e p a n c y  can  be improved i f  one can  assume t h a t  t h e s e  

i s  a c r i t i c a l  c a v i t y  s i z e  (r ) 

a r e  e n t i r e l y  f l o o d e d  even a t  minimum d e a c t i v a t i o n .  

a f u n c t i o n  of t h e  l i q u i d  s u r f a c e  t e n s i o n ,  w a l l  and Liquid t e m p e r a t u r e s ,  p r e s s u r e  

d u r i n g  f i l l i n g  o p e r a t i o n  and f i l l i n g  v e l o c i t y .  Qnce (r ) i s  known, Equa t ion  

such  t h a t  a l l  c a v i t i e s  w i t h  ro > (ro)crit 
0 c r i t ,  

The (ro)crit i s  a p p a r e n t l y  

0 carit  
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(22) c a n  be used t o  d e t e r m i n e  a minimum P 

i n c i p i e n t  b o i l i n g  even a t  z e r o  d e a c t i v a t i o n .  T h i s  minimum s u p e r h e a t  i s  shown 

i n  F i g u r e s  11 and 12  a s  h o r i z o n t a l  l i n e s .  

o r  a minimum s u p e r h e a t  r e q u i r e d  f o r  
V 

The d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  above assumption of ( r  ) i s  t h a t  i t  i s  

d i f f i c u l t  t o  j u s t i f y  p h y s i c a l l y .  C e r t a i n l y  i t  i s  t r u e  t h a t  f o r  c a v i t i e s  above 

some c r i t i c a l  s i z e ,  f l u i d s  cou ld  n o t  b r i d g e  t h e  c a v i t y  due t o  i n s t a b i l i t y  of  

t h e  l i q u i d  s u r f a c e ,  however, t h i s  c r i t i c a l  s i z e  would be much l a r g e r  t han  1-2 

x i n c h  which i s  t h e  r ange  of v a l u e s  f o r  ( r  ) r e q u i r e d  f o r  t h e  d a t a  

i n  F i g u r e s  11 th rough  1 2 .  A p o s s i b l e  e x p l a n a t i o n  f o r  such  a v a l u e  of ( r  ) 

may be i n  an e x t e n s i o n  of H o l t z ' s  h y p o t h e s i s  t h a t  l i q u i d  m e t a l s  do n o t  wet 

c a v i t i e s  d u r i n g  p e n e t r a t i o n .  Pe rhaps  t h i s  cou ld  be modif ied t o  say  t h a t  cav-  

i t i e s  below a c e r t a i n  c r i t i c a l  r a d i u s  t end  n o t  t o  be w e t t e d  d u r i n g  d e a c t i v a t i o n  

b u t  a l l  t h o s e  above t h i s  s i z e  a r e  w e t t e d  and hence become f l o o d e d .  I n  any c a s e g  

a t  p r e s e n t ,  t h e  v a l u e  of ( r  ) may be viewed s imply  a s  an a d d i t i o n a l  empir- 

i c a l  c o n s t a n t .  

o c r i t  

0 c r i t  

o c r i t  

0 c r i t  

A l l  of t h e  c s v i t y  f l o o d i n g  models d i s c u s s e d  above have two e s s e n t i a l  f e a t u r e s  

i n  common, namely t h a t  s u r f a c e  t e n s i o n  a c t s  t o  p r e v e n t  f l o o d i n g  of c a v i t i e s  and 

a c t s  t o  resist  growth of vapor  b u b b l e s .  The models s imply  d i f f e r  i n  t h e  manner 

i n  which t h e y  o f f e r  p l a u s i b l e  mechanisms by which t h i s  comes about  i . e . ,  by t h e  

h y p o t h e s i s  o f  non-we t t ing  and t h e n  w e t t i n g ,  o r  by a r e - e n t r a n t  geometry.  The 

key element  i n  a l l  models i s  t h a t  by assuming t h a t  s u r f a c e  t e n s i o n  r e s i s t s  f l o o d -  

i n g ,  one can  a r r i v e  a t  a r a d i u s  f o r  unflooded c a v i t i e s  which i s  dependent  on t h e  

p r e s s u r e  t e m p e r a t u r e  h i s t o r y  of  t h e  f l u i d ,  and hence a r r i v e  a t  a s u p e r h e a t  re- 

q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n  which i s  a l s o  dependen t  on p r e s s u r e - t e m p e r a t u r e  

h i s t o r y .  The f a c t  t h a t  t h e  p r e d i c t e d  s u p e r h e a t s  a g r e e  r a t h e r  w e l l  w i t h  e x p e r i -  

men ta l  d a t a  s u g g e s t s  t h e  b a s i c  c o r r e c t n e s s  of t h i s  n u c l e a t i o n  concep t  a l t h o u g h  

p o s t u l a t e d  d e t a i l s  of  t h e  mechanisms by which c a v i t i e s  remain unflooded d u r i n g  

d e a c t i v a t i o n  may s t i l l  remain open t o  q u e s t i o n .  

Whereas, i n  l i q u i d  m e t a l s ,  t h e  d e g r e e  of s u p e r h e a t  r e q u i r e d  f o r  i n c i p i e n t  n u c l e -  

a t i o n  i s  governed p r i n c i p a l l y  by t h e  maximum r a d i u s  of  unflooded c a v i t i e s ,  i n  

more c o n v e n t i o n a l  f l u i d s ,  such  a s  w a t e r ,  t e m p e r a t u r e  d i s t r i b u t i o n s  n e a r  hea ted  
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s u r f a c e s  p l a y  a c o n t r o l l i n g  r o l e  i n  t h e  s u p e r h e a t  r e q u i r e d  f o r  n u c l e a t i o n .  A s  

no ted  i n  an e a r l i e r  s e c t i o n ,  one o f  t h e  most g e n e r a l l y  accep ted  c o n c e p t s  f o r  

a n a l y z i n g  t h e  r o l e  of t e m p e r a t u r e  d i s t r i b u t i o n  i n  c o n t r o l l i n g  s u p e r h e a t  i s  t h e  

concep t  proposed by Hsu and Graham (Ref .  1) which c o n s i d e r s  t h a t  bslbbles w i l l  

grow from a n u c l e a t i o n  s i t e  i f  t h e  t empera tu re  of t h e  f l u i d  a t  a d i s t a n c e  from 

t h e  w a l l  e q u a l  t o  t h e  bubb le  h e i g h t  i s  g r e a t e r  t han  t h e  s u p e r h e a t  r e q u i r e d  f o r  

bubble  e q u i l i b r i u m  a g a i n s t  s u r f a c e  t e n s i o n  f o r c e  ( t h e  s u p e r h e a t  g i v e n  by Eq. ( 9 ) ) .  
T h i s  concep t  was employed by Hsu (Ref.  25) i n  c o n j u n c t i o n  w i t h  an a n a l y s i s  of  

t r a n s i e n t  t e m p e r a t u r e  p r o f i l e s  in o r d e r  t o  p r e d i c t  t h e  s i z e  range of a c t i v e  nu- 

c l e a t i o n  c a v i t i e s  on a h e a t i n g  s u r f a c e .  B e r g l e s  and Rohsenow (Ref .  26) have 

extended H S U ' S  and Graham's model t , ~  deve lop  a g r a p h i c a l  t e c h n i q u e  f o r  p r e d i c t -  

i n g  t h e  i n c e p t i o n  of  b o i l i n g  i n  w a t e r .  From t h e i r  g r a p h i c a l  c a l c u l a t i o n s  t h e y  

o b t a i n e d  t h e  f o l l o w i n g  d e s i g n  e q u a t i o n  f o r  p r e d i c t i n g  t h e  r e l a t i o n s h i p  between 

w a l l  s u p e r h e a t  T - T and h e a t  f l u x  q a t  t h e  p o i n t  of i n c i p i e n t  b o i l i n g  
W S 

15.60 pl 156 2 30/p0 0234 - Ts> (24)  

More r e c e n t l y ,  Davis and Anderson (Ref .  2 7 )  have extended and modif ied t h e s e  and 

o t h e r  e x i s t i n g  a n a l y s e s  of i n c i p i e n t  b o i l i n g  s u p e r h e a t s  t o  deve lop  p u r e l y  a n a l -  

y t i c a l  e x p r e s s i o n s  f o r  t h e  i n c e p t i o n  of n u c l e a t e  b o i l i n g  i n  f o r c e d  c o n v e c t i o n  

f l o w .  The Davis  and Anderson ma themat i ca l  model i n v o l v e s  t h e  f o l l o w i n g  assump- 

t i o n s  

1. The bubb le  n u c l e u s ,  which deve lops  a t  a s u r f a c e  c a v i t y ,  h a s  t h e  shape 

of a t r u n c a t e d  s p h e r e  

2 .  E q u i l i b r i u m  t h e o r y  can be  used t o  p r e d i c t  t h e  s u p e r h e a t  r e q u i r e d  t.o 

s a t i s f y  a f o r c e  b a l a n c e  on t h e  bubb le .  

3 .  A bubble  n u c l e u s  w i l l  grow i f  t h e  t e m p e r a t u r e  of t h e  f l u i d  a t  a d i s -  

t a n c e  from t h e  w a l l  e q u a l  t o  t h e  bubble  h e i g h t  i s  g r e a t e r  t h a n  t h e  

s u p e r h e a t  r e q u i r e d  f o r  bubble  e q u i l i b r i u m .  

4 .  The bubble  n u c l e u s  does  n o t  a l t e r  t h e  t e m p e r a t u r e  p r o f i l e  i n  t h e  

f l u i d  s u r r o u n d i n g  it 
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The t e m p e r a t u r e  p r o f i l e  i n  t h e  t h e r m a l  l a y e r  a l o n g  t h e  w a l l  i n  which t h e  vapor  

bubb les  beg in  t o  grow from n u c l e a t i o n  s i z e  i s  assumed t o  be l i n e a r  i . e .  

T h i s  assumption i s  q u i t e  v a l i d  because t h e  bubb le  n u c l e i  a r e  a l l  s u f f i c i e n t l y  

s m a l l  t h a t  t h e y  l i e  w i t h i n  t h e  l amina r  s u b l a y e r  where h e a t  t r a n s p o r t  o c c u r s  by 

conduc t ion  th rough  t h e  l i q u i d ,  

By combining t h e  C laus ius -C lapeyr sn  e q u a t i o n  (Eq. ( 4 ) ) ,  t h e  i d e a l  ga.s law p,= P/R% 
and t h e  Gibbs e q u a t i o n  f o r  t h e  o v e r - p r e s s u r e  r e q u i r e d  t o  m a i n t a i n  a bubble  a g a i n s t  

s u r f a c e  t e n s i o n  f o r c e  (Eq. 1). Davis  and Anderson o b t a i n e d  t h e  f o l l o w i n g  e q u a t i o n  

f o r  t h e  s u p e r h e a t  r e q u i r e d  t o  s a t i s f y  t h e  fo rce  balance  on the b u b b l e  (see assump- 

t i o n  2)  

The bubble  r a d i u s  r i s  r e l a t e d  t o  t h e  h e i g h t  yb of  t h e  bubble  above t h e  hea ted  SUP- 

f a c e  by t h e  e x p r e s s i o n  

where f~ i s  t h e  c o n t a c t  ang le  i n d i c a t e d  i n  the Bketeh b e P w  

11. y = r = r III. yb> r b 0 
I. yb< r 

P i g .  13 P o s s i b l e  B u b b l e  Models 
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Applying assumption 3 ,  w e  f i n d  t h a t  t h e  minimum s u p e r h e a t  r e q u i r e d  t o  i n i t i a t e  

bubb le  growth w i l l  occu r  when t h e  c u r v e  f o r  T a s  a f u n c t i o n  of  y g iven  by Eqs.  

(26) and (27) i s  t a n g e n t  t o  t h e  l i n e  f o r  T(y) g iven  by Eq. (25).  T h i s  c o n d i t i o n  

i s  i l l u s t r a t e d  i n  F i g .  14, reproduced from Refe rence  12.  By a n a l y t i c a l l y  d e t e r -  

mining t h e  c o n d i t i o n  of tangency,  Davis and Anderson o b t a i n  t h e  f o l l o w i n g  ex- 

p r e s s i o n s  f o r  t h e  w a l l  s u p e r h e a t  r e q u i r e d  f o r  i n c i p i e n t  n u c l e a t i o n  

b b 

For  systems a t  moderate t o  h i g h e r  p r e s s u r e s  (P 2 25 p s i a )  o r  f o r  low s u r f a c e  t e n -  

s i o n ,  t h e  f o l l o w i n g  s i m p l i f i e d  r e l a t i o n  between q and T - T i s  o b t a i n e d .  i W S 

It i s  i n t e r e s t i n g  t o  compare t h e  v a l u e s  o f  w a l l  s u p e r h e a t  f o r  i n c i p i e n t  b o i l i n g  

p r e d i c t e d  by Eq. (30) above w i t h  t h e  v a l u e s  p r e d i c t e d  by,  s a y ,  Chen 's  model f o r  

l i q u i d  m e t a l  i n c i p i e n t  b o i l i n g  s u p e r h e a t s  (Eq. 1 8 ) .  An i m p o r t a n t  p o i n t  t o  be 

s t r e s s e d  h e r e  i s  t h a t ,  i n  t h e o r y ,  i t  i s  n e c e s s a r y  t h a t  b o t h  c r i t e r i a  be  s a t i s f i e d  

f o r  i n c e p t i o n  of  b o i l i n g  t o  o c c u r .  The f a c t  t h a t  we s a y  t h a t  Eq. ( 3 0 )  p e r t a i n s  

t o  w a t e r  w h i l e  Eq. (18) p e r t a i n s  t o  l i q u i d  m e t a l  mere ly  r e f l e c t s  t h e  f a c t  t h a t  

t h e  t e m p e r a t u r e  d i s t r i b u t i o n  c r i t e r i o n  i s  u s u a l l y  t h e  more s t r i n g e n t  one f o r  

w a t e r  and i s ,  hence,  t h e  c o n t r o l l i n g  c r i t e r i o n  f o r  t h i s  f l u i d  w h i l e  f o r  l i q u i d  

m e t a l s ,  due t o  h i g h  c o n d u c t i v i t y ,  t h e  c a v i t y  s u p p r e s s i o n  c r i t e r i o n  i s  t h e  more 

s t r i n g e n t  one .  

I n  F i g u r e  15 a r e  shown c u r v e s  of  w a l l  s u p e r h e a t  a t  i n c i p i e n t  b o i l i n g  a s  p r e d i c t e d  
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by Davis  and Anderson 's  a n a l y s i s  and a l s o  v a l u e s  p r e d i c t e d  by Chen's  c r i t e r i o n  

w i t h  P 

I n  a p p l y i n g  Chen's  c r i t e r i o n ,  i t  i s  c o n s i d e r e d  t h a t  t h e  w a t e r  i s  exposed t o  a 

p r e s s u r e  of 2 . 6  atmospheres  a t  room t e m p e r a t u r e  (75'F) a s  a d e a c t i v a t i o n  con- 

d i t i o n  p r i o r  t o  b o i l i n g .  It, i s  n o t  known whe the r  t h i s  is t h e  d e a c t i v a t i o n  con- 

d i t i o n  a c t u a l l y  expe r i enced  i n  t h e  experiments, b u t  i t  18 e r e a e o n a b l  

t o  presume might o c c u r .  The i n e r t  g a s  v a l u e  o f  P 
example,  t o  t h e r e  b e i n g  gas cat 0.2 pais $a c o n i c e l  e e v i t i e ~  a f t e r  €ill end degass -  

ing, and t h a t  the which i s  114 of 

t h e  c o n i c a l  e n t r a n c e  r a d i u s  r 

r:/r; = 13 and w i t h  P 
go go 

= 0 (no accoun t  t a k e n  of e f f e c t  of  i n e r t  g a s ) .  

r 3 8 r  ' = 13 carresp~nds ,  f o r  80 0 n 

a s  is ~ u b s e q u a n t l y  compressed t o  a r a d i u s  r 
C 

Q 

Also shown i n  F i g u r e  15 a r e  e x p e r i m e n t a l  v a l u e s  o f  t h e  s u p e r h e a t  a t  i n c i p i e n t  

b o i l i n g  a s  de t e rmined  by B e r g l e s  and Rohsenow. 

a g r e e  v e r y  we l l  w i t h  v a l u e s  p r e d i c t e d  by  t h e  Davis  and Anderson model (The ex- 
p e r i m e n t a l  v a l u e s  a l s o  a g r e e  w e l l  w i t h  Eq. (24) o b t a i n e d  by B e r g l e s  and Kohsenow). 

One can  n o t e  t h a t  t h e  s i m p l i f i e d  e q u a t i o n  o f  Davis  and Anderson (Eq. ( 3 0 ) )  g i v e s  

v e r y  n e a r l y  t h e  same p r e d i c t i o n  a s  t h e  more e x a c t  combinat ion of Eq. (28) wit ,h 

Eq. (29). 

As can  be s e e n ,  t h e s e  v a l u e s  

The v a l u e s  of  s u p e r h e a t  p r e d i c t e d  by Chen's  model a r e  independent  of h e a t  f l u x  b u t  

a r e  v e r y  dependent  upon t h e  amount of non-condensible  g a s  assumed t o  be t r a p p e d  i n  

c a v i t i e s .  It i s  s i g a i f i c a n t  t o  n o t e  t h a t  w i t h  no gas  t r a p p e d  (P = 0 )  t h e  p r e d i c t e d  

s u p e r h e a t  i s  44'F which i s  s u b s t a n t i a l l y  above t h a t  measured a t  lower h e a t  f l u x e s .  

On t h e  o t h e r  hand, c o n s i d e r a t i o n  of t h e r e  b e i n g  a r e a s o n a b l e  amount of  non-condens- 

i b l e  g a s  t r a p p e d  r e d u c e s  t h e  p r e d i c t e d  s u p e r h e a t  t o  a v e r y  low l e v e l .  S i n c e  it i s  

d i f f i c u l t  t o  know, i n  f a c t ,  e x a c t l y  how much g a s  i s  t r apped  i n  a c a v i t y ,  i t  i s  d i f -  

f i c u l t  t o  conc lude  from p u r e l y  a n a l y t i c a l  c o n s i d e r a t i o n s  whether  Ghen's  model i s  a 

c o n t r o l l i n g  c r i t e r i o n  f o r  w a t e r  o r  n o t .  One m u s t  r e l y  on e x p e r i m e n t a l  e v i d e n c e ,  

such  a s  t h a t  shown i n  F i g u r e  15, which i n d i c a t e s  t h a t  f o r  w a t e r  i t  i s  not. From 

such  d a t a  w e  i n f e r ,  t h e n ,  t h ; t  t h e r e  u s u a l l y  i s  enough non-condens ib l e  g a s  t r a p p e d  

i n  c a v i t i e s  of w a t e r  systems t h a t  t h e  c o n t r o l l i n g  c r i t e r i o n  f o r  s u p e r h e a t  i s  t h a t  

based on c o n s i d e r a t i o n  of w a l l  t e m p e r a t u r e  p r o f i l e .  

go 

I n  a l l  of t h e  a n a l y t i c a l  models d i s c u s s e d  i n  t h i s  s e c t i o n ,  i t  i s  t a c i t l y  asslamed 
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t h a t  t he  hea t ing  su r faces  con ta in  c a v i t i e s  i n  t h e  s i z e  range requi red  by t h e  

models. For commercial tub ing ,  wi th  "as received" su r faces ,  t h i s  i s  usua l ly  

t h e  cases  However, i f  t he  hea t ing  su r face  i s  h igh ly  pol i shed  or  f i n e l y  p l a t e d  

o r  i s  a g l a s s  o r  ceramic material, t he  c o n t r o l l i n g  f a c t o r  f o r  i n c i p i e n t  b o i l i n g  

superheat  may simply be the  maximum s i z e  c a v i t y  e x i s t i n g  i n  t h e  hea t ing  surface., 

We have a l ready  seen i n  t h e  previous s e c t i o n  how changing the  su r face  cha rac t e r -  

i s t i c s  of tub ing  can a l t e r  t h e  superheat  r equ i r ed  for nuc lea t ion  (Fig. 5 ) .  
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RECOMMENDED FORMULAE FOR USE I N  PREDICTING INCIPIENT BOILING SUPERHEAT 

Although many a s p e c t s  of t h e  problem of d e t e r m i n i n g  t h e  s u p e r h e a t  r e q u i r e d  f o r  

i n c i p i e n t  b o i l i n g  remain i m p e r f e c t l y  understood o r  a r e  beyond t h e  r e a c h  of  p r e s -  

e n t l y  e x i s t i n g  p r e d i c t i v e  c a p a b i l i t i e s ,  n o n e t h e l e s s ,  recommendations can  be made 

a s  t o  t h e  most g e n e r a l l y  u s a b l e  and r e l i a b l e  c r i t e r i a  f o r  p r e d i c t i n g  s u p e r h e a t  

t h a t  a r e  p r e s e n t l y  a v a i l a b l e .  

On t h e  b a s i s  of t h e  a n a l y t i c a l  and e m p i r i c a l  i n f o r m a t i o n  reviewed i n  t h e  p r e c e d i n g  

two s e c t i o n s ,  i t  i s  concluded t h a t  i n c i p i e n t  b o i l i n g  s u p e r h e a t  i n  %onven t iona l "  

f l u i d s ,  such a s  w a t e r ,  i s  c o n t r o l l e d  p r i n c i p a l l y  by t h e  t empera tu re  g r a d i e n t s  a t  

t h e  hea ted  s u r f a c e  r a t h e r  t h a n  by t h e  f l o o d i n g  of  c a v i t a t i o n  s i t e s .  Qn t h e  con- 

t r a r y ,  f o r  l i q u i d  m e t a l s ,  i n c i p i e n t  b o i l i n g  s u p e r h e a t  seems t o  be l a r g e l y  con- 

t r o l l e d  by t h e  f l o o d i n g  o r  non- f lood ing  of  a v a i l a b l e  n u c l e a t i o n  c a v i t i e s  d u r i n g  

b o i l i n g  "p re -h i s to ry"  ( d e a c t i v a t i o n ) .  Of c r i t e r i a  reviewed f o r  p r e d i c t i n g  i n c i p -  

i e n t  b o i l i n g  i n  c o n v e n t i o n a l  f l u i d s ,  t h e  a u t h o r s  p r e f e r  t h e  t h e r m a l  model developed 

by Davis  and Anderson e i t h e r  i n  i t s  more e x a c t  form a s  g iven  by Eqs.  (28)  and (29)  

o r  i n  i t s  more approximate form a s  g iven  by Eq. (30) ( v a l i d  f o r  P 2 25 p s i a ) .  

Fo r  l i q u i d  m e t a l s ,  i t  i s  more d i f f i c u l t  t o  recommend one p a r t i c u l a r  c r i t e r i o n  

s i n c e  e x i s t i n g  e x p e r i m e n t a l  d a t a  i s  s t i l l  t o o  l i m i t e d  t o  e s t a b l i s h  any one of  

t h e  c r i t e r i a  reviewed a s  b e i n g  s u p e r i o r  o v e r  t h e  o t h e r s .  However, f o r  r e a s o n s  

t o  b e  d i s c u s s e d  below, t h e  a u t h o r s  p r e f e r  e i t h e r  t h e  Chen model o r  t h e  r e - e n t r a n t  

model f o r  p r e d i c t i n g  i n c i p i e n t  b o i l i n g  s u p e r h e a t  i n  l i q u i d  m e t a l s .  

It i s  i m p o r t a n t  t o  keep i n  mind t h a t  a l t h o u g h  d i f f e r e n t  c r i t e r i a  a r e  recommended, 

depending upon t h e  c l a s s  of f l u i d s  c o n s i d e r e d ,  t h e  c r i t e r i a  a r e  n o t  m u t u a l l y  ex- 

c l u s i v e .  Tha t  i s ,  b o t h  c r i t e r i a  should be  s a t i s f i e d  i n  o r d e r  f o r  b o i l i n g  i n c e p t i o n  

t o  o c c u r ,  t h e  c r i t e r i o n  p r e d i c t i n g  t h e  l a r g e r  s u p e r h e a t  f o r  i n c e p t i o n  of b o i l i n g  

b e i n g  t h e  c o n t r o l l i n g  one .  I n  t h e  c a s e  of  l i q u i d  m e t a l s ,  a c a v i t y  f l o o d i n g  c r i -  

t e r i o n  i n e v i t a b l y  t u r n s  o u t  t o  be c o n t r o l l i n g  r a t h e r  t h a n  a the rma l  c r i t e r i o n  

a l t h o u g h  i t  i s  w e l l  t o  check t h e  the rma l  ( e . g .  Davis-Anderson) c r i t e r i o n  a s  w e l l .  

I n  t h e  c a s e  o f  normal f l u i d s  such  a s  w a t e r ,  t h e  s i t u a t i o n  i s  l e s s  c l e a r ,  s i n c e  

t h e  q u e s t i o n  of  whe the r  s a y 3  Chen's  f l o o d i n g  model i s  c o n t r o l l i n g  depends s t r o n g l y  
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upon the value selected for the non-condensible gas volume G 

about this below). However, experimental evidence, such as that shown in Fig. 15, 
indicate that the thermal boundary layer considerations do control superheat in 

the case of such fluids. Hence, at present, it is simply recommended t ha t  the 

Davis-Anderson model be used for water and fluids of comparable heat transfer 

capability. 

(more will be said 
0 

The Chen and Dwyer models for predicting incipient boiling superheat in liquid 

metals represent, essentially, successBve reffnements of an original model pro- 

posed by Holtz. Of these three, the authors prefer the Chen model for the fol- 

lowing reasons: (1) The presence of non-condensible gas does deffnitely seem 

to be significant in reducing superheat, and Chen's model does permit taking 

account of this while Holtz's model did not include this effect. 

refinements of the Holtz-Chen model, which take account of the decrease in non- 

condensible gas with time and also consider that the nucleation radius can be 

different from the minimum4 are plausible and do permit one to achieve closer 

agreement between theory and experiment. However, these refinements introduce 

essentially two extra empirical factors to be determined, which makes the Dwyer 

model somewhat more unwieldy to employ than Chen's model. 

(2) Dwyer's 

The Chen model takes account of the effect of non-condensibfe gas through the 

assigning of a "reasonable" value f o r  6 in Eq. (Is), G representing, essentially, 

the volume of non-condensible gas trapped in a typical cavity after the system is 
filled with liquid metal. It is, of course, impossible to predict analytically 

0 o 

values for G and this quantity is best regarded therefore as an empirical constant. 
On the basis of the expertments conducted by Chen, reasonable values for G for li- 

quid metals appears to be somewhere between 10w18to lO-"ft-lb/'R. 

to calculate a conservative upper limit for superheat, one can set G = 0. For 

water or normal fluids, proper values for G Rave not yet been experhentally 

established, however, this is not critical s ince  the Chen c r t t e r i o n  is n o t  con- 

trolling for such systems (we may infer from this that G is reasonably 'barge). 

0 

0 

If one wishes 

0 

0 

0 

The re-entrant cavity model d i f f e r s  from the HoPtz-Chen-Desyer models in that it 
does not require that I lqcPd metals not wet the heater tube during deactivation 
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i n  o r d e r  t o  m a i n t a i n  unflooded c a v i t i e s .  Hence, t h e  r e - e n t r a n t  c a v i t y  model 

removes t h i s  c o n c e p t u a l  d i f f i c u l t y  a s s o c i a t e d  w i t h  t h e  Holtz-Chen-Dwyer model 

which many p e o p l e  may f i n d  u n a c c e p t a b l e .  The r e - e n t r a n t  c a v i t y  model does n o t  

t a k e  a s  f u l l  accoun t  of  t h e  e f f e c t  of non-condensible  gas  a s  does  t h e  Chen 01 

Dwyer models,  b u t  by c o n s i d e r i n g  t h a t  t h e  n u c l e a t i o n  r a d i u s  f o r  t h e  r e - e n t r a n t  

c a v i t y  may be l a r g e r  t h a n  t h e  minimum d e a c t i v a t i o n  r a d i u s  by some e m p i r i c a l  

f a c t o r  as a s  good i f  n o t  b e t t e r  agreement w i t h  e x p e r i m e n t a l  d a t a  can be had 

w i t h  t h e  r e - e n t r a n t  model a s  w i t h  Chen 's  model (see F i g .  12).  I n  t h i s  r e g a r d ,  

one should n o t e  t h a t  t h e  non-condens ib l e  g a s  e f f e c t  i n  Chen 's  model a l s o  re- 

q u i r e s  d e t e r m i n a t i o n  of  an e m p i r i c a l  f a c t o r .  

I n  s h o r t ,  t h e n ,  e i t h e r  t h e  Chen o r  r e - e n t r a n t  c a v i t y  models do  a r e a s o n a b l e  

j o b  of p r e d i c t i n g  t h e  l e v e l  of s u p e r h e a t  r e q u i r e d  f o r  i n c e p t i o n  of b o i l i n g  i n  

l i q u i d  m e t a l s .  The c h o i c e  of  which t o  u s e  r e s t s  w i t h  t h e  r e a d e r .  For t h a t  

m a t t e r  e i t h e r  t h e  o r i g i n a l  H o l t z  model o r  t h e  Dwyer model may a p p e a l  more t o  

t h e  r e a d e r  and should n o t  be d i s c o u n t e d ,  

r e q u i r e d  t o  demons t r a t e  whe the r  any of  t h e s e  models have any s i g n i f i c a n t  ad- 

v a n t a g e s  ove r  t h e  o t h e r s .  

F u r t h e r  e x p e r i m k n t a l  work w i l l  be 

A t  p r e s e n t  t h e r e  i s  no a n a l y s i s  o r  e s t a b l i s h e d  e m p i r i c a l  c o r r e l a t i o n  which 

w i l l  p e r m i t  one t o  t a k e  accoun t  of t h e  e f f e c t  of f l ow r a t e  of i n c i p i e n t  b o i l -  

i n g  s u p e r h e a t  f o r  l i q u i d  m e t a l s  a l t h o u g h  Chen (Ref .  22 )  has  proposed a t e n t a -  

t i v e  t h e o r y  which may be used a s  a gu ide  f o r  e s t i m a t i n g  t h e  magnitude o f  t h i s  

e f f e c t .  A l so  t h e  e f f e c t  of h e a t  f l u x  on i n c i p i e n t  b o i l i n g  s u p e r h e a t  Of l i q u i d  

m e t a l s  has  n o t  been f i r m l y  e s t a b l i s h e d  a l t h o u g h  t h e  e f f e c t ,  i f  any, a p p e a r s  t o  

be a minor one .  

A l l  t h e  reviewed models f o r  p r e d i c t i n g  i n c i p i e n t  b o i l i n g  s u p e r h e a t  t a c i t l y  

assume t h a t  n u c l e a t i o n  c a v i t i e s  a r e  a v a i l a b l e  on t h e  h e a t i n g  s u r f a c e  i n  t h e  

s i z e  r ange  r e q u i r e d  by t h e i r  r e s p e c t i v e  c r i t e r i a .  Obviously i f  a s u r f a c e  does  

n o t  c o n t a i n  such  c a v i t i e s ,  t h e s e  c r i t e r i a  a r e  n o t  v a l i d  and t h e  s u p e r h e a t  w i l l  

be c o n t r o l l e d  t o t a l l y  by t h e  hea ted  s u r f a c e  f i n i s h ,  i . e . ,  by t h e  maximum s i z e  

of c a v i t y  p r e s e n t  i n  t h e  s u r f a c e .  There i s  much e x p e r i m e n t a l  ev idence  which 

shows t h a t  i n c r e a s i n g  s u r f a c e  roughness  r e d u c e s  i n c i p i e n t  b o i l i n g  s u p e r h e a t  
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t o  some e x t e n t ,  b u t  t h e r e  i s  no means o f  p r e d i c t i n g  t h i s  e f f e c t .  Qne can  o n l y  

n o t e  t h a t  t h e  c r i t e r i a  p r e s e n t e d  i n  t h i s  s e c t i o n  p e r t a i n ,  e s s e n t i a l l y  t o  "as 

r e c e i v e d "  type  f i n i s h e s  of  commercial m e t a l  t u b i n g  and t h a t  f o r  t u b e s  w i t h  v e r y  

h i g h l y  p o l i s h e d  s u r f a c e s ,  e . g .  g l a s s  tubes, t h e s e  c r i t e r i a  may n o t  a p p l y  and 

t h a t  f o r  a r t i f i c a l l y  roughened o r  p repa red  s u r f a c e s ,  s u p e r h e a t s  w i l l  p r o b a b l y  be 

lower t h a n  t h o s e  p r e d i c t e d  by t h e s e  c r i t e r i a .  

R e p r e s e n t a t i v e  c u r v e s  of i n c i p i e n t  b o i l i n g  s u p e r h e a t ,  a s  c a l c u l a t e d  from Chen's  

c r i t e r i o n  a r e  shown i n  F i g s .  16,  17 and 18 f o r  l i q u i d  cesium and i n  Figs. 19,  20,  

and 2 1  f o r  l i q u i d  p o t a s s i u m ,  F i g .  16 shows s u p e r h e a t  a s  a f u n c t i o n  o f  d e a c t i v -  

a t i o n  s u b c o o l i n g  f o r  a b o i l i n g  p r e s s u r e  o f  40 p s i a  and a d e a c t , i v a t i o n  p r e s s u r e  of 

P f  = 50 p s i a ,  

t h e  s a t u r a t i o n  t e m p e r a t u r e  a t  P', and TI, t h e  minimum tempera tu re  t o  which t h e  

l i q u i d  i s  s u b j e c t e d  a t  t h e  p r e s s u r e  P'. Curves a r e  shown f o r  d i f f e r e n t  v a l u e s  

of Go, t h e  non-condenwible g a s  p a r a m e t e r .  It i s  i n t e r e s t i n g  t~ n o t e  t h a t  f o r  Val,- 

ues  of G l a r g e  enough, i n c r e a s e d  d e a c t i v a t i o n  s u b c o o l i n g  can d e c r e a s e  r a t h e r  

t h a n  i n c r e a s e  t h e  s u p e r h e a t .  

D e a c t i v a t i o n  s u b c o o l i n g  i s  d e f i n e d  a s  t h e  d i f f e r e n c e  between Ti I 

0 

F i g .  1 7  shows t h e  e f f e c t  of d e a c t i v a t i o n  p r e s s u r e  P' on i n c i p i e n t  n u c l e a t i o n  

s u p e r h e a t  f o r  cesium a t  a d e a c , t i v a t i o n  s u b c o o l i n g  of 100°F. The c u r v e  i s  f o r  

= 3 x lo-" in - lb / "R  = 0,25 x ft-lb/ 'R. 
GO 

F i g .  18 shows t h e  e f f e c t  sf  sys t em p r e s s u r e  on i n c i p i e n t  n u c l e a t i o n  s u p e r h e a t  

f o r  c o n s t a n t  d e a c t i v a t i o n  p r e s s u r e  and t e m p e r a t u r e  ( i . e .  c o n s t a n t  c r i t i c a l  

r a d i u s  r > .  A s  i s  p r e d i c t e d  by E q .  (13), s u p e r h e a t  d e c r e a s e s  w i t h  sys t em p r e s -  

s u r e  e 

C 

F i g s .  19 ,  20 ,  and 2 1  a r e  s i m i l a r ,  r e s p e c t i v e l y ,  to F i g s o  16, 17 and 18 e x c e p t  

t h e y  a r e  f o r  p o t a s s i u m  r a t h e r  t h a n  cesium. 

R e p r e s e n t a t i v e  c u r v e s  o f  i n c i p i e n t  b o i l i n g  s u p e r h e a t  f o r  w a t e r  a s  c a l c u l a t e d  

from Q a v i s  and Anderson 's  a n a l y s i s -  a r e  shown i n  F i g  2 2 .  The approximate Eq 

(30) i s  u s e d ,  A l so  shown i s  t h e  semi -empi r i ca l  c o r r e l a t i o n  s f  B e r g l e s  and 

Rohsenow ( E q .  ( 2 4 ) ) ,  which i s  seen t o  be i n  good agreement w i t h  t h e  Davis and 
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Anderson a n a l y s i s .  

F o r  w a t e r  and o t h e r  ""normala' f l u i d s ,  s u p e r h e a t  i s  c o n t r o l l e d  by t h e  t empera tu re  

p r o f i l e  n e a r  t h e  h e a t e d  s u r f a c e ,  and,  hence,  i s  dependen t  upon h e a t  f l u x .  Super- 

h e a t  does n o t  appear  to depend upon p r e - b o i l i n g  h i s t o r y  i . e .  upon d e a c t i v a t i o n  

t e m p e r a t u r e  and h i s t o r y .  With aL1 f l u i d s ,  however, s u p e r h e a t  d o e s  depend upon 

sys t em p r e s s u r e ,  and t h i s  e f f e c t  f o r  w a t e r  can r e a d i l y  be s e e n  i n  F i g .  2 2 .  O n e  

c a n  n o t e ,  i n  p a r t i c u l a r ,  t h a t  t h e  f r a c t i o n a l  change i n  s u p e r h e a t  due  t o  a g iven  

change i n  p r e s s u r e  i s  f a i r l y  c o n s t a n t  and indspenden t  of t h e  Level o f  s u p e r h e a t .  

T h i s  o b s e r v a t i o n  may be  used t o  ex tend  t h e  u s e f u l n e s s  of  t h e  s u p e r h e a t  c u r v e s  

p r e s e n t e d  f o r  cesium and po ta s s ium.  For  example,  t h e  c u r v e s  of s u p e r h e a t  vs, 

d e a c t i v a t i o n  s u b c o o l i n g  shown i n  F i g .  16 a r e  f o r  a sys t em p r e s s u r e  of  40 p s i a  

and a d e a c t i v a t i o n  p r e s s u r e  of  P' =. 50 p s i a .  

T8 and PI2 t h e  s u p e r h e a t  d e c r e a s e s  by abou t  20% a s  system p r e s s u r e  i n c r e a s e s  f rom 

40 t o  50 p s i a .  T h e r e f o r e ,  to use t h e  C U ~ V Q S  i n  F i g .  18 f o r  a system p r e s s u r e  of 

50 p s i a  w i t h  t h e  same d e a c t i v a t i o n  p r e s s u r e  of 50 p s i a ,  one would s imply  d e c r e a s e  

t h e  l e v e l s  of  t h e  s u p e r h e a t  c u r v e s  i n  F i g .  18 un i fo rmly  by 20%. 

From F i g .  18 w e  s e e  t h a t  f o r  f i x e d  

I n  c o n c l u d i n g  t h i s  s e c t i o n ,  i t  should be  s t r e s s e d  t h a t  because of  t h e  complex and 

s t a t i s t i c a l  n a t u r e  of  i n c i p i e n t  n u c l e a t i o n ,  t h e  v a r i o u s  c r i t e r i a  f o r  p r e d i c t i n g  

i n c i p i e n t  b o i l i n g  s u p e r h e a t  recommended i n  t h i s  s e c t i o n  can  be expec ted  t o  p r e d i c t  

s u p e r h e a t s  a c c u r a t e l y  o n l y  Any p a r t i c u l a r  s i n g l e  measurement of 

i n c i p i e n t  b o i l i n g  superheaf ,  may d e p a r t  s i g n i f i c a n t l y  f rom %he p r e d i c t e d  v a l u e ,  

even i n  expe r imen t s  where a l l  p e r t i n e n t  v a r i a b l e s  a r e  c a r e f u l l y  c o n t r o l l e d .  To 

a p p r e c i a t e  t h i s  one need o n l y  examine t h e  s c a t t e r  of d a t a  i n ,  s a y s  Chen 's  e x p e r i -  

ments ( F i g s .  11 and 12) which were d e s i g n e d  s p e c i f i c a l l y  t o  o b t a i n  c a r e f u l l y  con- 

t r o l l e d  d a t a  on i n c i p i e n t  b o i l i n g  s u p e r h e a t .  Although much improvement c a n  be 

made i n  p r e s e n t  c a p a b i l i t y  of  p r e d i c t i n g  s u p e r h e a t s ,  i t  a p p e a r s  u n l i k e l y  t h a t  i t  

w i l l  e v e r  be  p o s s i b l e  t o  p r e d i c t  t h i s  phenomenon c o n s i s t e n t l y  t c  a c y  g r e a t e r  d ? -  

g r e e  of p r e c i s i o r  t h a n  i s  r e p r e s e n t e d  by  t h e  above mentioned sca t t e r  i n  e x p e r i -  

hnentaL measurements 
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PHOTOMICROGRAPH STUDY OF SURFACE cmIrms 
P 

The major  o b j e c t i v e  o f  t h i s  photomicrograph s u t d y  of s u r f a c e  c a v i t i e s  was t o  

o b t a i n  i n f o r m a t i o n  r e g a r d i n g  s i z e ,  sh,ape and d e n s i t y  o f  s u r f a c e  c a v i t i e s  which 

may become n u c l e a t i o n  s i tes  f o r  l i q u i d  m e t a l  b o i l i n g .  S t a i n l e s s  S t e e l  SS347 

t u b i n g  of commercial  g rade  was used  f o r  Chis s t u d y .  Both t h e  e x t r u d e d  seamless 

t u b i n g  and t h e  welded t u b i n g  were i n v e s t i g a t e d  f o r  t h e  purpose  of de t e rmin ing  

any a p p a r e n t  i n f l u e n c e  of f a b r i c a t i o n  method on forming cavi t ies .  

Specimens f o r  t h i s  s t u d y  w e r e  p repa red  by  t h e  p rocedure  enumerated below: 

i )  The o u t e r  s u r f a c e  of t h e  t u b i n g  was chrome-pla ted .  

i i )  The t u b i n g  was c u t  t r a n s v e r s e l y  w i t h  a wa te r - coo led  wheel .  

i i i )  The specimen was mounted i n  l u c i t e .  

iv) The specimen was p o l i s h e d  by u s i n g  m e t a l l o g r a p h i c  t e c h n i q u e s ,  i . e . ,  

f i r s t  rough g r i n d  w i t h  240, 400, 600 g r i t s  paper  (water  l u b r i c a t e d ) ,  

t hen  f i n e  p o l s i h  w i t h  3 micron ,  1 micron  and f i n a l l y  0.05 micron  

Gamma m i c r o p o l i s h  (aluminum o x i d e ) .  

v) The specimen w a s  scanned  under  a microsope  a t  t h e  O.D.  f o r  v a r i o u s  

c a v i t i e s  e 

Ten specimens were p r e p a r e d  from the welded t u b i n g  and an e q u a l  number of spec -  

imens were p r e p a r e d  f r o n  t h e  seamless. T y p i c a l  p r P n t s  of photomicrographs t a k e n  

a t  750 X m a g G f f i c a t i o n  are rep roduced  i n  F i g u r e s  23 and 24. D i s c e r n i b l e  p i t s  are 

c l a s s i f i e d  i n t o  f ive  t y p e s  d i ag rammat i ca l ly  shown i n  Table  11. C l e a r l y ,  Type 11 

i s  t h e  r e - e n t r a n t  type  c a v i t y .  D i s c e r n i b l e  p i t s  are t h o s e  w i t h  an o v e r a l l  dimen- 

s i o n  i n  e x c e s s  of 0,2 mil, They are, however, all less t h a n  0,6 m i l .  A summary 

o f  t h e  t o t a l  number S €  d i s c e r n i b l e  p i t s  found i s  c o n t a i n e d  in Tables  I1 and I11 

f o r  welded and seamless tl~%)lfggs g e q q  ehys AI.! $&ye t y p e  p i t s  are p r e s e n t  in 

b o t h  the wewed  tW%2 d S@@%FR!?.F3 a€?& Et!@ seaB%@sw FHBtPg 5p@Qfl%ePsP 

t u b i n g  q 3 F ; G ' w w  3ppBBp EP h@Ye @!!bo!&- lw $2 the e a t $ q  PPp'C13%rmp. ef trh@ sew- 
less t&%Fpg sf39 

The welded 
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NOMENCLATURE 

GO 

KL 
P 

'b 

P 
g 

pS 

pV 

'inc 

P 
go 

"inc 

4 

q i  

R 

r 

r s  

r 

r 

r 

e 

m 

0 

Gatf 

'f 

'f (85 

T i n e  

= 1 + cos 8 (See Fig.  13) 

= P 

(Eq. 1 8 ) ,  ft-Ebf'R 

Thermal c o n d u c t i v i t y  of l i q u i d ,  B t u / f t -  F-sec .  

2 
~ o c a 1  l i q u i d  p r e s s u r e ,  Lbfft 

P r e s s u r e  feeside bubb le ,  l b f f t  

P a r t i a l  p r e s s u r e  man-condensible gas ,  l b f f t  

System s a t u r a t i o n  p r e s s u r e s  l b / f t  

Vapor p r e s s u r e ,  P b / f t  

r ' I T  go o o 9  Measure o f  non-condens ib le  gas t r a p p e d  i n  c a v i t y  

0 

2 

2 

2 

2 

S a t u r a t i o n  vapor  p r e s s u r e  co r re spond ing  t o  T 

P a r t i a l  p r e s s u r e  of nan -condens ib l e  gas  a t  f i l l ,  l b f f t  

i n c  
2 

= Pb - P, exeess of bubble  p r e s s u r e  ove r  l o c a l  l i q u i d  p r e s s u r e  

r e q u i r e d  f o r  i n c e p t i o n  o f  b o i l i n g ,  l b / f t  

Heat f l u x ,  B t u / f t  -see. 

2 Heat f l u x  r e q u i r e d  f o r  i n c e p t i o n  of b o i l i n g ,  B t u / f t  -sec. 

G a s  c o n s t a n t ,  f t / " F  

2 

2 

Bubble r a d i u s ,  f t .  

Bubble r a d i u s  a t  c o n d i t i o n  of  maximum d e a c t i v a t i o n ,  f t .  

Bubble r a d i u s  a t  p o i n t  of i n c e p t i o n  o f  b o i l i n g ,  f t .  

k 
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TO 

Tw 

vV 

S 
T 

i n c  0;r 

Y 

'b 

CY 

B 

Y 

h 

PV 

0 

'p 

Temperature of non-condensible  gas  a t  f i l l ,  O R  

S a t u r a t i o n  t e m p e r a t u r e  corsespondi.ng t o  P 

Wa 11 t e m p e r a t u r e  O R  

Superh.eat r e q u i r e d  f o r  i n c e p t i o n  of b o i l i n g ,  "R 

S p e c i f i c  volume of  vapor  a t  T 

S p e c i f i c  volume of l i q u i d  a t  t i m e ,  f t  / l b *  

C o o r d i n a t e  measuring d i s t a n c e  from hea ted  s u r f a c e ,  f t .  

Height, O f  bubble  t i p  f rom hea ted  s u r f a c e ,  f t  

f t  a / l b .  
i n c  

3 

= r c / s o s  r a t i o  o f  b o i l i n g  i n c e p t i o n  r a d i u s  t o  d e a c t i v a t i o n  r a d i u s  

W e t t i n g  a n g l e ,  r a d i a n s  

Angle i n  r e - e n t r a n t  c a v i t y  (See F i g .  l o > ,  r a d i a n s  

L a t e n t  h e a t  of v a p o r i z a t i o n ,  B t u / l b  o r  f t - l b / l b .  

D e n s i t y  of  v a p o r s  l b / f t  

S u r f a c e  t e n s i o n ,  l b / f t .  

-. go" ~ (p-y) (See P i g .  S O ) ,  r a d i a n s  

3 

Refers  t o  q u a n t i t i e s  e v a l u a t e d  a t  c o n d i t i o n  o f  maximum d e a c t i v a t i o n  
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S a t u r a t i o n  Temperature , OF 

Fig.  1 I n c i p i e n t  Boi l ing of K on Surface w i t h  A r t i f i c i a l  D r i l l  Holes 
o f  0.006" diam. (from R e f .  2) 
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Fig. 4 Experimental Data on Effect o f  Boi l ing Pressure on Superheat 
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K Data from R e f .  2 

A - As received surface 

B - Surface with a r t i f i c i a l  
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F ig .  9b Liquid Wetting Surface Cavity when Pv 2 P 

MTI-8002 



F i g u r e  10 may be seen on page 2 1  



200 

180 

160 

n 
14G 

i. 
W 

m 

2 - 120 

a' 

&.I 
Q 

L 
L 
Y a 2 100 
3c 
C 
4 
4 
rc - eo 
iz 

U 
c 
91 + a -  
4 
0 
C 
w 

40 

20 

0 

Test Fluid K 

Boi l ing Pressure P = 16 psia 

Deactivation Pressure P' = 12.0  ps ia  

0 Expt. data of  Chen 
-17  - Analysis  of Chen with  G = 8 x 10 

--- Reentrant Cavity with  r / r '  = 1.0 

in-  1 b / O R  0 

c 

-4 
( fo) = 2.0 x 10 i n .  

c r i  t 

I I 0 
0 

/ 

0 50 100 150 200 2 50 300 3 50 400 
Deactivation Subcooling, T '  - T '  ( O F )  

S 

Fig .  11 Inc ipient-Boi l ing  Superheats a f t e r  Deactivations a t  12 t s i a  

.T I - 80 3 7 



Test Fluid K 
W i l i n g  Pressure P = 16 psia 
Deact iv i t ion  Pressure P' = 25 ps ia  

0 Experimental Data of Chen 

----o- Analysis of  Chen with G = 8 x 10 OL7 in-lb/OR 

-0- Reentrant Cavity v i t h  r / r '  = 1.0 

Reentrant Cavity with r /r '  = 1.5 

0 

C 

C 

160 

n 
5 4  

120 
I 

U 
Q 
P) r: 
h 
P) a 
3 
m 

C 
00 80 
4 
d 
4 
0 m 
U 
c 
P) 
4 

4 
0 
t 

I 4  

a 40 

0 
0 100 200 300 400 

Deactivation Subcooling, T '  - T' (OF) 
S 

Fig .  12 Inc ipient-boi l  ing  Superheats After  
Deactivatiocs  a t  25 psia 

MI-8036 
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Fig. 23 Photomicrographs of Seamless Tubing Made of 347SS,  with 
3/8" O.D. and 35 mil. Wall Thickness. 
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Fig .  24 Photomicrographs of Welded Tubing Made of 347 SS, w i t h  
3/8" O.D.  and 35 m i l .  Wall Thickness 
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TABLES 
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TABLE I Summary of  Experimental  I n v e s t i g a t i o n s  of Bqi l ing a1 

TEST 
.EFERENCE AUTHORS FLUIDS SYSTEM 

I N C  I PIENT BOILING PRESSURE 
AT (OF) SUPERHEAT (OF) (PSIA) VAB: i n c  

2 Edwards and K Natura 1 convect  ion K: 2O-5OO0 0.8-65 (1) 

(2 1 Ho f f ma n Na 1 oop Na: 50'-700' 

3 Edwards and K Natura 1 convec t ion  9O0-5OO0 6O-80' 1-40 (1) 

(2) 
Hoffman loop 

4 Hol tz  and Na Pool ( i n  2" d i a -  40°-2800 
Singe r  meter p i p e )  

5 Hol tz  and Na Pool (same a s  4 0' - 3 00' 
Singe r  Reference 4) 

6 Marto and Na Pool -boi l ing  20'- 130' 2O-60' 
Rohs enow o f f  h o r i z o n t a  1 

7 L u r i e  and Na Pool and fo rced  

8 Noyes convec t  i o n  i n  

0 9 Petukhov, Na Po0 1 bo i 1 i n g  - 30 -300' 
KOVR 1 ev , on h o r i z o n t a l  rod  

P@ol: 

20'- 60' 
Forced- 
Convect i o n  

30'- 80' 

10 Shae and Na Pool b o i l i n g  o f f  up t o  20°- looo 
Rohs enow hor i zon ta  1 s u r f a c e  15 O°F 

11 

0.2-15 (1) 

0.2-15 samc 

1-8 

2-5  



d I n c i p i e n t  Nuclect ion Superheat f o r  A l k a l i  Liquid Metals 

ABLES INVESTIGATED 

Boiling p res su re  (T ) 

Surface f i n i s h  - a r t i -  
f i c i a l  c a v i t i e s  

S 

Boil ing p r e s s u r e  (T ) 

A r t i f i c i a  1 r e - e n t r a n t  
c av i t i e s  

S 

Boil ing p r e s s u r e  (T ) 

Heat f l u x  (low leve l )  
Dcact ivat ion p res su re  
Pressure pu l ses  du r ing  
bo i 1 ing 

S 

I a s  Reference 4 

Boii ing p r e s s u r e  
Heat f l u x ,  up t o  

Surface f i n i s h -  
a r t i f i c i a l  c a v i t i e s ,  
porous welds,  e t c .  

Boi l ing p r e s s u r e  
Bulk subcool ing 
Hea t f l u x  

' )  Heat f l u x  
Boil ing p r e s s u r e  

// Heat f l u x  
A r t i f i c i a l  c a v i t i e s  
Boi l ing p r e s s u r e  

RESULTS AND COMMENTS 

AT measured 1 1 .  !er c y c l i c  temperature  f l u c t u a t i o n s  a s s o c i a t e d  v i t h  
i nc 

p e r i o d i c  n a t u r a l  convec t ion  flow. A r t i c i f i a l  c a v i t i e s  s i g n i f i c a n t l y  

reduced AT . i nc  

measured under t r a n s i e n t  heat-up c o n d i t i o n s .  I n c i p i e n t  ATinc I n c i p i e n t  

ATinc a r e  c o n s i s t e n t l y  g r e a t e r  than  " s t ab le"  ba i l - ing  s u p e r h e a t .  

a s  ATinc Re-ent ran t  c a v i t i e s  a r e  about a s  e f f e c t i v e  i n  reducing 

c y l i n d r i c a l  c a v i t i e s  of same s i ze .  

AT measured under t a r n s i e n t  hea t -up .  I n c r e a s i n g  p r e s s u r e  g i v e s  

lower i n c i p i e n t  AT and g r e a t e r  p r o b a b i l i t y  f o i  s t a b l e  s u s t a i n e d  

b o i l i n g .  I n  t h i s  low h e a t  f l u x  range  (<  20,000 -7) i n c i p i e n t  

i n c  

B t u  
h r - f t  

i n c  

AT found t o  i n c r e a s e  wi th  i n c r e a s i n g  h e a t  f l u x .  P o s s i b i l i t y  of i n c  
i n a d v e r t e n t  n u c l e a t i o n  a t  "rogue" s i t e s  o u t s i d e  of po l i shed  tes t  
zone - combining w i t h  t r a n s i e n t  h e a t i n g  t o  g i v e  seeming e f f e c t  of 
h e a t  f l u x  on AT . 
E s s e n t i a l l y  t h e  same study a s  Reference 4 ,  bu t  g i v e s  more p l o t s  of 
exper imenta l  r e s u l t s .  D e f i n i t e  d e a c t i v a t i o n  p r e s s u r e  a f f e c t ,  though 

were very much lower (by f a c t o r  of - 2  t o  -50) than  mea s u r  ed 

p r e d i c t e d  by Hol t z  s "previous h i s  to ry"  model. 
rogue" s i tes  a s  i n  Reference 4 .  

Higher i n c i p i e n t  

s tandard  b o i l i n g  cu rve .  S t rong  e f f e c t  of s u r f a c e  f i n i s h .  No t i ceab le  
h y s t e r i a  3'3: ' 'h is tory ' '  e f f e c t .  

i n c  

ATinc 
Same q u e s t i o n  of 

11 

ATinc t han  s t a b l e - b o i l i n g  supe rhea t  shown on 

P r imar i ly  o f f e r  s t eady  b o i l i n g  and c r i t i c a l  h e a t  f l u x  d a t a .  
b o i l i n g  r e s u l t s  f o r  w e l l  superhea t  i n  f a i r  agreement w i t h  Frets-Zuber  
c o r r e l a t i o n .  
b o i l i n g  e s s e n t i a l l y  co inc ide  wi th  c r i t i c a l  h e a t  f l u x  ( a t  f l u x e s  

Pool 

Convective b o i l i n g ,  w i t h  bulk  subcool ing had i n c i p i e n t  

P r imar i ly  a f t e r  pool  b o i l i n g  h e a t  t r a n s f e r  d a t a .  
f l u c t u a t i o n s  a s s o c i a t e d  w i t h  p c r i o d i c  changes between n a t u r a l  
convect ion h e a t  t r a n s f e r  and bunping of b o i l i n g  

Observed tempera ture  

Traces  f o r  a thermocouple near  bo i l i i ig  s u r f a c e s  showed tempera ture  
f l u c t u a t i o n s  of -80°F f o r  burping b o i l i n g  v e r s u s  r~ lOOF f o r  s t a b l e -  

b o i l i n g .  Boi l ing  superhea t  of - 100 F ob ta ined  wits n a t u r a l  convec t ion  

h e a t  t r a n s f e r  a t  h e a t  f l u x  of -80,GOO. This  drops t o  4 2 5  F on s t a r t  
of bumping-boiling. 

from e x t r a p o l a t e d  temperature  measured w i t h i n  s o l i d  was- 30 F less  
than  b o i l i n g  superhea t  corresponding t o  maximum s m f a c e  t e m e r a  ture 

0 

0 

Even dur ing  s t a b l e - b o i l i n g  t h e  b o i l i n g  superhea t  
0 

measured by ' ' sur face  thermocouple" i n  
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17'-117' 
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-14' t o  100' 

40'- 1500' 

16 LeGanidec Na S tagnan t  pool  i n  40'- 32 0' 
e t  . a l .  t ube  

17  P i n c  h e r  a Na Head rod  i n  poo l  0'-300' 
e t  . a l .  and fo rced  convec- 

t i o n  

most ly  5 0' 

PRESSURE 
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8-24 

8-12 

1-7 
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I (Continued) 

RUBLES INVESTIGATED RESULTS AND COMMENTS 1 ) Boil ing p r e s s u r e  
IC) Pre-boi l ing  d e a c t i v a t i o n  i z a t i o n  on d e a c t i v a t i o n  Iemperature,  d e a c t i v a t i o n  p r e s s u r e ,  and b o i l i n g  

Data i n d i c a t e d  s i g n i f i c a n t  dependence cf ATinc f o r  i n c i p i e n t  vapor-  

' condi t ion  

L )  Heat f l u x  
1 )  Boil ing p r e s s u r e  
3) Flow v e l o c i t y  

1) Boi l ing  p r e s s u r e  
?) Heat f l u x  
3 )  Flow q u a l i t y  

1) Boi l ing  p r e s s u r e  
2) Duration of tests 
3) Flowing ve r sus  

1) Boi l ing  p r e s s u r e  
2 )  Duration of o p e r a t i o n  
3) Heating power 

1) Boi l ing  p r e s s u r e  
2) Flow v e l o c i t y  

1) Boi l ing p r e s s u r e  
2 )  Heat f l u x  
3) T rans i en t  h e a t i n g  

versvs  s t eady  b o i l i n g  

1) Boi l ing  p r e s s u r e  
2 )  Na p u r i t y  

1) Flow v e l o c i t y  
2)  Sur face  f i n i s h  

1) Flow r a t e  
2 )  Boi l ing  p r e s s u r e  
3) Deac t iva t ion  c o n d i t i o n  

1) Deact iva t ion  c o n d i t i o n  
2)  Boi l ing  p r e s s u r e  
3) Surface  roughness 
4)  Neutron f l u x  

p r e s s u r e  b o i l i n g  i n c e p t i o n  obta ined  a f t e r  c o n t r o l l e d  d e a c t i v a t i o n  by 
small incrementa l  i n c r e a s e s  i n  h e a t  f l u x  (and f l u i d  tempera ture)  . 
Flow maintained c o n s t a n t  a t  - 0.2 f t / s e c .  
Large random s c a t t e r  i n  measured AT . The maximum bulk  AT 

i nc i n c  
seemed t o  i n c r e a s e  wi th  hea t  f l u x  and t o  dec rease  wi th  v e l o c i t y .  

T was taken  t o  be t h a t  corresponding t o  e x i t  p r e s s u r e .  T h e r e f o r e ,  

AT a c t u a l ,  based on l o c a l  t r u e  l o c a l  T would be less  than  t h e  
S 

i nc S 

r e p o r t e d  v s i u e s .  

Heat ing by e l e c t r i c  r e s i s t a n c e  i n  tube  w a l l  and i n  l i q u i d  m e t a l ,  
Large s c a t t e r  i n  AT resu l t s  wi th  a Goussian type  of d i s t r i b u t i o n  

about  a most probably v a l u e  of  

Contrary t o  theo ry ,  found AT h ighe r  f o r  K t han  f o r  Na. Flow 

c o n d i t i o n s  g i v e s  " s l i g h t l y "  lower ATinc than  tagnant  c o n d i t i o n s .  

Measured 

Tests  used t r a n s i e n t  hea t ing  by e l e c t r i c a l  r e s i s t a n c e  through tube .  
Almost 1 o rde r  of magnitude i n  s c a t t e r  of d a t a .  

d2c rease  wi th  i n c r e a s i n g  p r e s s u r e .  Report  AT i n c r e a s e  wi th  

d u r a t i o n  of o p e r a t i o n .  

i nc 
AT f o r  a g iven  se t  of c o n d i t i o n s .  

i n c  ' 

i n c  

ATinc i nc reased  wi th  number of days of  o p e r a t i n g  t i m e .  

AT i n c  does show 

i n c  
No n o t i c e a b l e  e f f e c t  of h e a t i n g  power. 

18'F(min) a s  

Wide s c a t t e r  

T of 7 8 O o C ,  

g iven  h e a t  f 

8 3 0 O C ) .  The 

S 

Stagnant  Na tes t s  show 

dependence on p r e s s u r e .  Flow hTinc decreased  from -170 F(max) t o  

ATinc spread  10O0-3OO0,  w i t h  no c l e a r  
n 

v e l o c i t y  changed from 0.4 t o  1.6 m/sec 

f o r  ATinc ob ta ined  w i t h  t r a n s i e r l t  h e a t i n g ;  e . g .  a t  

AT v a r i e d  10°F t o  100°F. For s t eady  b o i l i n g ,  a t  a i n c  
ux, b o i l i n g  superhea t  decreased  a s  T inc reased  (up t o  

S 
b o i l i n g  curves show marked h y s t e r i s i s  due t o  i n c i p i e n t -  

b o i l i n g  s t iperheat ing . 
Resu l t s  i n  t h i s  r e p o r t  ob ta ined  by s lowly dec reas ing  p r e s s u r e  i n  t h e  
capsu le .  Data show good p r e c i s i o n .  

c a v i t y  r a d i i  of 1-5p. 

For a g iven  flow r a t e ,  

mean AT decreased wi th  i n c r e a s i n g  flow v e l o c i t y ,  
i nc 

A t  any c o n s t a n t  d e a c t i v a t i o n  and b c i l i n g  p r e s s u r e ,  AT showed 

d e f i n i t e  paramet r ic  dependence on flow r a t e ,  d e c r e a s i n g  w i t h  i n c r e a s i n g  
flow. T h e o r e t i c a l  exp lana t ion  is proposed, bssed on t u r b u l e n t  p r e s s u r e  
f Luc tua  t i o n s  . 

correspond t o  c a l c u l a t e d  ATinc 

s c a t t e r e d  about  a mean v a l u e .  The ATinc 

i n c  

V e r i f i e d  t h e  s t r o n g  e f f e c t  o f  d e a c t i v a t i o n  h i s t o r y .  
e e f e c t  over - r ides  e f f e c t  of g r o s s  v a r i a t i o n s  i n  s u r f a c e  roughness .  
E a r l i e r  h e a t  f l u x  e f f e c t  expla ined  i n  terms of gas d i f f u s i o n .  

D e a c t i v a t i o n  

Inc reased  
oxide c o n c e n t r a t i o n  dec reases  AT , No d i s c e r n i b l e  e f f e c t  from 
ceu t ron  ( thermal  l e v e l )  <lux. L i n c  

FOLDOUT FRAME=#- mI-7992 



TABLE I1 
Number of Pits a t  O.D.  

0.5 i n  347 SS Welded Tubing 

II P i t  Type 
Specimen 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

T o t a l  
Average 

III I 

U T  -u- 
29 

22 

1 7  

30 

36 

34 

24 

26 

0 

1 

1 

36 

286 

28.6 

3 

6 

7 

3 5 

22 41 

IV 

8 

3 

3 

5 

12 

18 

8 

12 

9 

8 

8.1 

8 . 1  

Q 

1 

3 

5 

11 

4 

5 

7 

3 

6 

2 

47 

4.7 

MTI-7988 



P i t  Type/ 
Specimen No. 

11 
12 

13 

14 

15 

16 

1 7  

18 

19 

20 

Tota l  
- . _- - 

Av e 1: age  

TABLE 111 

Number of P i t s  a t  O.D. 
0 . 5  i n  SS347 Seamless Tubing 

8.4 

1 

3 

0 

1 

0 

1 

1 

3 

0 

1 

11 
-. 

1.1 

I11 

1 
3 

1 
3 

1 

2 

1 

7 

4 

2 

2 5  

2.5 

IV v 
I -- 4 1  7 

8 

3 

5 

3 

4 

4 

5 

4 

0 

40 
-- 

4.0 

3 

2 

1 

1 

1 

0 

0 

0 

2 

1 7  
.- 

1 . 7  

MTI- 79 8 7 


